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ABSTRACT
Buried conduits are an essential feature of modem underground infrastructure. They are the
primary source of utility conveyance around the world because of their economic and safety
benefits. The understanding of soil-conduit interaction is vital to ensure the stability of a soil
conduit system. Starting in the early 1900s, numerous studies have been conducted to investigate
various aspects of the soil-conduit interaction. The researchers have suggested that soil-conduit
interaction generally depends on soil type, conduit material, diameter and burial depth of the
conduit, applied loading, and soil movement around the buried conduit. However, a vast majority
of these studies have analysed the soil-conduit interaction under a level ground surface. However,
in reality, conduits not only travel across plain areas but also pass through hilly terrains to reach
the end consumers. Keeping this practical fact in view, limited research studies have been carried
out in the past, especially investigating the effect of changing landscape on the soil-conduit
interaction. However, significant research gaps still remain, which require further detailed study
to enhance the understanding of the soil-conduit interaction in sloping terrains.
This research aims to analyse the soil-conduit interaction in a loaded soil slope through
experimental and numerical methods. For this purpose, extensive laboratory experimentation,
finite element modelling, analytical formulation, and intelligent modelling have been conducted.
The experimental study investigated the following aspects: (a) the load-settlement response and
bearing capacity of a footing located over a conduit buried within a soil slope, and (b) the stress
distribution around a conduit buried within a soil slope. A finite element model was developed to
study the structural response of a conduit buried within a soil slope to the applied surface pressure.
An attempt was also made to analytically formulate an expression to calculate the vertical load on
a conduit buried under a sloping terrain. Finally, this research also focused on building executable
finite element modelling-artificial intelligence-based models and converting them into simple
mathematical equations for estimating the following: (a) width of Marston's soil prism for the
reinforced concrete and corrugated steel conduits, and (b) settlement of a footing located over a
conduit buried within a soil slope.
In the experimental phase, laboratory model tests have been conducted on a strip footing
located on top of conduits buried within a soil slope, under static loading condition. The design of
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Chapter 3 is not available in this version of the thesis
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the relative stiffness of the surrounding soil and the buried conduit affects the relative movement
of the soil and the buried conduit, vertical settlement of the soil between the conduit and the ground
surface, and the resulting stress distribution and structural response of the buried conduit.

Figure 1.1 is not available in this version of the thesis

Fig. 1.1. A conduit buried in hilly terrain, Caucasus region (after Lee et al., 2016)
The buried conduits frequently travel long distances and travel across horizontal plains,
and pass through steep mountains. Pipelines have to cross over complex situations to connect the
source to its consumer (Hucka et al., 1986; Hall et al., 2003). The presence of buried conduits is
very common in many hill slopes (Uchida, 2004). The conduits in hilly areas are usually buried
either vertically or horizontally along the slope surface. The soil located proximity of the free slope
surface is more vulnerable to lateral movements. For example, Fig. 1.1 illustrates the lateral
movement of soil around a 20-inch conduit installed in a hilly Caucasus region (Lee et al., 2016).
The relative movement of the soil surrounding the conduit is likely to impact the whole soil
conduit system, and therefore should be studied.
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Figure 2.1 is not available in this version of the thesis

Fig. 2.1: Typical soil-conduit interaction within ditches (after Marston and Anderson, 1913)
Marston (1930) concluded that external loads on conduits varied significantly
depending upon the stiffness of the conduit material and installation procedures. The soil
pressure over a conduit depends upon the relative vertical settlement between the conduit and
the surrounding soil column at a horizontal surface above the conduit. This concept was further
studied by Terzaghi (1943) and is known as arching. Terzaghi (1943) stated that the arching
effect occurs when stress is applied on a soil mass, and a part of it yields while the remaining
adjacent solid mass remains stationary. Stress is transferred from the yielding mass to the
stationary mass, producing arching. The concept of arching is instrumental in studying any
soil-conduit interaction.

increasing values of the burial depth ratio result in a decrease in pressure on the conduit. It was
observed that the pressure on only one springline of the conduit was reported, which indicates
that the pressure on both sides ofthe springline was very similar because the conduit was buried
under the level ground.
Similar efforts of understanding stress distribution and soil-conduit interaction were
carried out by measuring local strains using strain gauges rather than pressure cells. Brachman
et al. (2001) studied the effects of varying backfill materials on a 220mm high-density
polyethylene (HDPE) conduit embedded under sand in a 2mx2mx1.6m stiff steel test box.
Boundary wall friction was limited by the use oflubricated polyethylene sheets. Eight electrical
foil strain gauges were placed at a central section of the pipe, both internally and externally at
springlines (0° & 180 ° ), the crown (90° ), shoulders (45 ° & 135 ° ), haunches (225 ° & 315 ° ) and
invert (270° ). The values of internal strains were reported in dimensionless units of micro
strain µE (i.e., 1000 µE = 0.l % Strains) and were plotted (Fig. 2.2). Results showed that strains
on either side of the springline (CIO and Cll 80) were very similar due to burial under a
horizontal ground surface.

Figure 2.2 is not available in this version of the thesis

Fig. 2.2. Effect of applied pressure on strains installed around circumference of the conduit
(after Brachman et al., 2001)
Talesnick et al. (2011) instrumented a buried (HDPE) conduit with pressure cells to
study the stress distribution around it, under static loading condition. Using a small-scale
laboratory test cell, the stress measurements were taken along the crown, invert, springline,
shoulders, and haunches of the conduit buried within sandy soil having a level ground surface.
The relative stiffness of the buried conduit and the surrounding soil was varied by burying the
conduit in both loose and compacted sandy soil. As illustrated in Fig. 2.3, the comparison
12

between the stress distribution for the loose and compacted backfill revealed that the change in
relative stiffness significantly influenced the vertical stress measurements at the crown and the
invert of the conduit. Whereas the horizontal stress measurements on both sides of the
springline were very similar.

Figure 2.3 is not available in this version of the thesis

Fig. 2.3. Comparison of measured pressure in loose and compacted backfill as a function of
position around conduit circumference (after Talesnick et al., 2011)
Srivastava et al. (2013) studied the effect of soil-conduit interaction on the load
settlement response of a circular footing located over a flexible polyvinyl chloride (PVC)
conduit buried under the level ground. Using plate load tests, the footing settlement and bearing
capacity were calculated for different relative densities of the surrounding soil and conduit
stiffness. It was observed that the load-settlement behavior and the bearing capacity of the
footing improved when it was located over a flexible conduit buried within loose-medium
dense sandy soil. Whereas opposite results were noted in the case of very dense soil. The study
concluded that the soil conduit interaction, defined in terms of the relative stiffness of the
conduit material and adjacent soil, significantly affected the vertical settlement of the soil
between the buried conduit and the level ground surface.
Bryden et al. (2015) conducted centrifuge testing on flexible fiber-reinforced plastic
(FRP) composite conduits buried shallow under the level ground. It was observed that the
compressive action of the flexible conduit walls resisted the backfill and surface loads. The
results of the experimental setup were compared with the Gumbel's approach (Gumbel, 1983),
13

and discrepancies were found in the results, which indicated that the soil-conduit interface,
ranging between full slippage and no slippage, had a significant role to play in the soil-conduit
interaction problems. It was also noted in terms of normal forces and axial thrust; the crown of
the buried conduit was the most affected region when buried shallow. With an increase in
depth, the effect of applied loading on the buried conduit vanishes as it goes beyond two times
the diameter of the conduit.
Bildik and Laman (2015) used deflection transducers to investigate the effect of the
burial depth of the conduit and its horizontal distance from the overlying strip footing on the
bearing capacity of the footing. Fig. 2.4(a) shows the schematic diagram of the laboratory test
setup. The results showed that the bearing capacity of the footing improved significantly as
the horizontal distance between the footing and the buried conduit was increased. Also, it was
noted that as the buried conduit was moved away from the stress zone under the footing, the
bearing capacity of the footing increased. Later, Bildik and Laman (2019) also used strain
gauges to investigate the effect of the aforementioned parameters on the hoop stresses
generated along the circumference of the conduit when buried under the surface footing (Fig.
2.4(b)). The hoop stresses generated on the crown and invert of the conduit were observed to
be significantly more than the stresses on the springline, which were noted to be very similar.
This showed that the soil on both sides of the conduit provided approximately equal support to
the buried conduit when buried under the level ground.

Figure 2.4 is not available in this version of the thesis

Fig. 2.4. (a) Schematic diagram of the test setup; (b) Layout of the strain gauges (after Bildik
and Laman, 2019)
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Figure 2.5 is not available in this version of the thesis

Fig. 2.5. (a) Forces acting in a soil mass at depth z; (b) Relationship between burial depth
and nondimensional stress (after Terzaghi, 1943)
The expression for stress at depth z was formulated as:
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where y = unit weight of soil, c = cohesion, q =applied surcharge, K = the ratio of lateral to
vertical earth pressure (Rankine, 1857), and e = the base ofNaperian logarithms. Based on the
proposed formulation, graphical relations between av and z I B were provided, as presented in
Fig. 2.5(b). They show a depth increases to more than z =SB, the load seized to increase due
to the arching effect.
Spangler (1962) combined the concept of elastic ring theory and fill load hypothesis to
formulate the expression for horizontal deflection of the conduit placed under level horizontal
ground. It was assumed that the load is applied on top of the conduit was uniform throughout
the width of the conduit, as illustrated in Fig. 2.6.
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Figure 2.6 is not available in this version of the thesis

Fig. 2.6. Assumptions for load distribution along the conduit (after Spangler, 1962)
Based on the aforementioned assumptions original "Iowa formula" was given as:
(2.4)
Masada (2000) continued with the concepts of Spangler (1941) to analytically
formulate a solution for vertical deflection �y of the conduit. The assumptions of previous
work were maintained in this study. The outcome was given as:

where LU'"= horizontal deflection, �y = vertical deflection,

K = bedding constant,

we= uniform load per unit length, r = mean radius of conduit, I = moment of inertia of the
conduit, e = modulus of passive resistance, and E = modulus of elasticity of conduit.
Lucher and Hoeg (1964) and Nielson (1966) suggested that instead of a horizontal strip
proposed by Terzaghi (1943), the soil over the buried conduit formed an arch, as illustrated in
Fig. 2.7. The studies concluded that the overburden load was not fully transferred to the buried
conduit, but rather it was a redistribution of the load away from the conduit. Hence, it was
inferred that Terzaghi's conventional theory overestimated the vertical load on the buried
conduit. Still, the conventional theory has been widely used in understanding soil-conduit
interaction problems due to its simplicity.
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Figure 2.7 is not available in this version of the thesis

Fig. 2. 7. Formation of arch over the buried conduit (after Nielson, 1966)
Shukla et al. (2009) extended the conventional arching theory in soils and used the shear
plane method to study the effect of soil-conduit interaction on the vertical load on a buried
conduit. By assuming inclined slip surfaces in the yielding soil mass over the buried conduit,
the study overcame the limitation of the conventional theory. An analytical equation for the
vertical load on the buried conduit was derived. However, when the formulated equation was
compared with the original Terzaghi (1943) expression, it was concluded that the extended
equation measured the loading on the buried conduit on the unsafe side. The lower estimate of
the vertical load on the buried conduit was due to the fact that the assumption of inclined slip
surfaces increased the contact area between the yielding strip and the adjoining stationary soil,
hence increasing the arching effect.
2.2.3 Numerical works
Dhar et al. (2004) used a commercial software to conduct a two-dimensional finite
element analysis ofHDPE and PVC conduits to analyse the problem of soil-conduit interaction
within a level ground. Janbu's nonlinear (Janbu, 1963) model was used in the numerical
simulations to investigate the structural response of the conduits to the overburden pressure. It
was concluded that the stiffness of the surrounding soil governs the conduit deformations. The
results were also compared with the simplified design equations (McGrath 1998) based on the
18

bending moments increased with an increase in the soil cover, compaction pressure of the
backfill soil and the trench width, with no significant effect of the friction angle.

Figure 2.8 is not available in this version of the thesis

7.5
Fig. 2.8. Numerical model of the buried conduit (after Wang et al., 2020)
2.3 Soil-conduit interaction within a sloping terrain
The aforementioned literature shows that since the early 1900s, the subject of soil-conduit
interaction has been investigated by many researchers. While most of the studies were
conducted on the conduits buried under the level ground, some researchers also realized the
importance of studying soil-conduit interaction in different topographic conditions.
The conduits are frequently buried in hilly terrains (Uchida, 2004). Compared to the
level ground, the rupture of conduits buried in hilly regions is 100 times more likely to occur
(Sweeney et al., 2004). The conduits buried in mountain environments face significantly more
challenges than other environments (Xiao et al., 2013). The soil movements around conduits
buried in the proximity of slopes may result in imposing additional loads on the conduits
(Meidani et al., 2017). The soil movement around the buried conduit is the main cause of
conduit deflections and deformations (McNamara et al., 2018). European Gas Pipeline Incident
Data Group (2005) reported that ground movements around buried conduits are among the
most common causes of pipe failure, often resulting in ruptures. The ground movements around
the conduits buried within sloping terrain caused around 13% of the European gas pipeline
incidents during the period 2004 to 2013 (Wu et al., 2017).
Casamichele et al. (2004) conducted a nonlinear analysis of the soil-conduit interaction
in unstable soil slopes. The study was based on the fact that the stress experienced by a buried
conduit and its structural response were a function of the soil characteristics, soil displacement,
direction of movement, and conduit properties. During the analytical formulation for the soil21

were taken by employing tensiometers, a video camera was used to record the failure profile
of the model slopes slope movements upon failure. Three different conditions of slope failure
were analysed, which are with; "no conduit", "closed conduit", "open and later closed conduit".
It was observed that as compared to the slope with "no conduit", the slope ''with closed
conduit" increased pore pressure at the lower end of the sandy soil slope. In the case of the
"open and later closed conduit", the blockage of the conduit rapidly increased the pore water
pressure, resulting in an immediate slope failure. While retrogressive slope failures were noted
in all three cases, the slope with "conduit" showed a rapid backpropagation of the sliding
surface due to a more uniform distribution of moisture. Furthermore, a preliminary expression
was provided to estimate the factor of safety of a sandy soil slope, given as:
¢
_
_ _)c
_ o_s_P_t_�_
_ a_ +_r
_ sa_ tz_ w_ _-_r_wzw
_Z
F=-(ra
p
z
z
n
(rd d + Ysat w)si

(2.8)

where F = factor of safety of the slope, ra and
respectively,
of water,

r sat = dry and saturated unit weight of soil,
z a and z w = unsaturated and height of soil column, respectively, rw = unit weight

P = slope angle, and <p= internal angle of friction.

Feng et al. (2015) conducted research on a large-scale medium-hard clay soil landslide
°

model. The angle of inclination of the slope with respect to the horizontal was between 15 and
°

20 . A 32m long steel conduit of 325mm diameter was buried in the slope at a depth of 1.5m.
18 strain gauges were installed around the buried conduit to observe the relationship between
landslide deformation and stress and strain in the conduit. By triggering the landslide in six
steps (1st - 4th Excavation), a saddle-shaped stress distribution was observed with more or less
left-right symmetry. Strain gauges (S-1 to S-11) installed outside of the conduit showed that
maximum stress was at the center (S-6) that reduced to negative at the sides (S-3 & S-9).
Whereas stress was zero at the ends of the landslide for strain gauges (S-1 & S-11). Fig. 2.9 (a)
and (b) show the corresponding stress values obtained for the strain gauges installed outside of
the conduit, respectively.
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Figure 2.9 is not available in this version of the thesis

Fig. 2.9. Stress distribution at the length of conduit (after Feng et al., 2015)
Fredj et al. (2016) analysed the structural response of the conduit to slope movement,
which is transverse to the conduit axis. The numerical model developed by using the discreet
element modelling (DEM) technique was validated by employing the experimental results of
small-scale physical model tests. The study analysed the strains that were developed in the
buried conduit due to lateral soil movement. The study concluded that the structural response
of the conduit was affected by the pattern of the soil movement around the conduit. An increase
in lateral soil movement resulted in an increase in conduit bending and axial extension. The
study also observed that conduit strains were dependant on the width of the soil movement,
where peak strain occurs at the critical movement width. The study also concluded that the
numerical modelling technique was a useful engineering tool for understanding the complex
soil-conduit interaction.
Meidani et al. (2017) used discrete-element analysis to study the soil-conduit
interaction under relative ground movement. The numerical model was validated by using the
stress-strain response of densely compacted sand. The longitudinal soil movement in slopes
was simulated by conducting pullout tests on a steel conduit, and axial soil resistance and stress
distribution around the conduit were studied. It was observed that the pullout tests result in
increasing the soil stresses around the buried conduit. This increase was attributed to the fact
that the soil around the conduit was not at rest. Therefore, for the conduits buried within soil
slopes, a new lateral pressure coefficient was suggested, whose value ranged between the
coefficient at rest and 2.
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Figure 2.10 is not available in this version of the thesis

Fig. 2.10. Schematic sketch of the circular culvert buried under a sloping terrain (after Wadi et
al., 2015)
Later, Wadi et al. (2016) utilized the same numerically developed models of circular
culverts buried under the sloping terrain to study their structural response to the avalanche
loadings. The avalanche loading conditions were simulated in terms of avalanche unit weight,
velocity and flow height. The resulting avalanche load was simulated in the PLAXIS 2D
software in terms of its horizontal and vertical components. The study showed that the normal
stresses and bending moments generated in the buried culverts generally increased with
increasing avalanche loads. The study also noted that the stiffness of the buried culverts
significantly affected their response to the asymmetrical loading conditions.
Pham et al. (2021) conducted finite element modelling using the Plaxis software to
investigate the effect of CDM columns adjacent to a steel conduit buried with a soil
embankment. In the developed numerical model, a conduit was buried close to the toe of an 8
m high model embankment. The CDM columns were simulated as round shape having an
outside diameter of 0.8 m. The cement content was simulated as 300kg/m3 • The conduit was
buried at a depth of 2 m, having 3 m distance from the toe of the embankment. It was observed
that the effect of distance of the conduit from the embankment toe on the developed
displacements and stresses was caused by the ring bending. It was also noted that the length of
the columns also has a significant effect on the measured outputs.
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CHAPTER3
LOAD-SETTLEMENT RESPONSE AND BEARING CAPACITY OF A
SURFACE FOOTING LOCATED OVER A CONDUIT BURIED WITHIN
A SOIL SLOPE
This chapter has been published as an original research paper in the 'International Journal of
Geomechanics ', an officialjournal ofthe American Society ofCivil Engineers (ASCE), as listed
in Section 1. 4. The details presented here are the same, except some changes in the layout in
order to maintain a consistency in the presentation throughout the thesis.
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Chapter 3 is not available in this version of the thesis
Chapter 3 of this thesis has been published by American Society of Civil Engineers
in International Journal of Geomechanics, and is available at:
Khan, M. U. A., & Shukla, S. K. (2020). Load-settlement response and bearing
capacity of a surface footing located over a conduit buried within a soil slope.
International Journal of Geomechanics, 20(10), article 04020173.
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001807
Published article is listed on Research Online at:
https://ro.ecu.edu.au/ecuworkspost2013/9162/

CHAPTER4
NUMERICAL INVESTIGATION OF THE STRUCTURAL RESPONSE
OF A CONDUIT BURIED WITHIN A SOIL SLOPE
This chapter has been published as an original research paper in the 'Transportation
Geotechnics ', an officialjournal ofElsevier, as listed in Section 1 .4. The details presented here
are the same, except some changes in the layout in order to maintain a consistency in the
presentation throughout the thesis.
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Buried conduits are commonly used for utility transportation around the world. Accordingly, to ensure the safe
design and installation of conduits, it is important to understand soil-conduit interaction. This research paper
presents a numerical investigation of the structural response of a conduit buried within a soil slope in response to
applied surface pressure. Numerically simulated and analytically calculated soil-conduit interaction results have
been employed in the study to analyze the effect of crest distance and burial depth of a conduit on: its deflection,
shape deformation, developed sectional normal stress and bending moment. The structural response of the
conduit buried within the soil slope was also compared to that of conduit buried under level ground. The results
show that conduit buried within a soil slope experiences more structural deflection and sectional forces than
conduit buried under level ground, unless crest distance and burial depth of the conduit exceed approximately
5Bc and 3Bc , respectively; where Bc represents the outer diameter of the conduit. By using the graphical illus
trations, explained mechanisms and developed correlations presented in this paper, practicing engineers can
ensure the efficient design and installation of conduits buried within soil slopes.

Introduction
The transportation of utilities has often featured as a key component
of infrastructure development around the world. Accordingly, the eco
nomic and safety benefits of buried conduits have rendered them to
become the primary source of utility conveyance. In recent times, rapid
population growth and corresponding land scarcity have resulted in
increased construction activity on top of these buried conduits. The
effective design and installation of conduits are highly dependent on
understanding the soil-conduit interaction, in addition to the effects of
soil cover and applied surface pressure on their structural responses [1].
Marston and Anderson [2] were the first to study the problem of soilconduit interaction, providing an analytical solution to estimate verti
cal stress on buried conduits. Since this study, several researchers have
investigated the soil-conduit interaction by employing various analyt
ical developments [3,4], numerical techniques [5,6] and experimental
methods [7,8]. More recently, Allard and El-Naggar [9] have conducted
numerical investigation to assess the effects of trench geometry, burial

depth of conduit, the relative stiffness of backfill and the existing soil on
the structural response of rigid circular culverts. The above study
concluded that culverts experienced less pressure when buried in nar
rower trenches. Moreover, the study also noted that an increase in burial
depth, in addition to relative stiffness between the existing and backfill
soil material, resulted in a decrease in conduit deflections, bending
moments, and axial and shear thrusts. Talesnick and Frydman [10] have
investigated stress distribution around a buried high-density poly
ethylene conduit and its structural response to applied traffic loading.
Significant conduit deflections were observed in the above study during
roadway construction due to the compaction of overlying soil and the
movement of heavy construction equipment. The results were employed
to present graphical relationships between vertical and horizontal de
flections of the conduit, and vertical deflections and stress values
measured at the crown and springline of the conduit. Bildik and Laman
[11] have studied the effects of burial depth and the location of over
lying footing on the structural response of a buried polyvinyl chloride
conduit. Their results showed that hoop stresses that developed in the
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buried conduit were significantly decreased as the vertical and hori
zontal distances between the conduit and the overlying surface footing
increased. Many more studies on soil-conduit interaction can also be
found in current literature [12–19]. However, all of these above
mentioned studies were carried out with an assumption of conduit being
buried under infinite level ground. Accordingly, research to date on the
subject of soil-conduit interaction within a soil slope remains limited.
Understanding the soil-conduit interaction in a sloping terrain is
essential for maintaining the structural integrity of buried conduits. The
conduits buried in mountain environments face significantly more
challenges than in other environments [20]. As compared to level
ground, the rupture of conduits buried in hilly regions has been shown to
be 100 times more likely to occur [21]. The movement of soil around a
buried conduit has been identified as the main cause of conduit de
flections and deformations [22]. Accordingly, ground movements
around conduits buried within sloping terrain was shown to have caused
around 13% of European gas pipeline incidents during the period from
2004 to 2013 [23]. The structural forces generated in conduits have a
direct relationship with relevant soil conduit interactions [24–26]. Wadi
et al. [27] have previously analyzed the structural response of circular
corrugated steel culverts buried under sloping terrain. Whilst their study
investigated the effects of soil loading and slope angle on buried cul
verts, it did not examine the effect of externally applied pressure on the
soil-structure interaction and the structural response of the buried cul
verts. Khan and Shukla [28] have presented an experimental investi
gation of the effects of soil-conduit interaction on the load-settlement
response of a surface footing located over a conduit buried within a soil
slope. In their study, analytically calculated soil-conduit interaction
results were employed to explain the effects of the buried conduit on the
settlement and bearing capacity of the surface footing. Further, Khan
and Shukla [29] applied the concept of arching phenomenon to analyze
the soil-conduit interaction, providing an analytical solution for calcu
lating vertical load on a conduit buried under a sloping terrain. How
ever, the above study did not provide insight into the structural response
of the buried conduit to the applied surface pressure. In order to fulfill
this research gap, this paper presents a comprehensive investigation of
the effects of crest distance and burial depth of a conduit on its deflec
tion, shape deformation, developed sectional normal stress and bending
moment. The study focuses on explaining the effects of applied surface
pressure on the soil-conduit interaction, in addition to other pertinent
soil-conduit interaction mechanisms affecting the structural response of
conduits buried within a soil slope.
Engineers and researchers have been compelled to investigate soilconduit interactions to ensure the safe design and installation of
buried conduits. The safety of conduits buried under level ground
generally depends upon the understanding of applied pressure, soil
cover and installation techniques. However, conduits buried within hilly
terrains face additional challenges, mainly due to their proximity to the
free slope surface [30]. The structural integrity of these conduits re
quires further understanding of the movement of adjacent soil and
resulting soil restraint available to the conduit [20]. Therefore, this
research investigates the structural response of conduits buried within a
soil slope to applied pressure, in relation to soil movements around a
buried conduit. Using numerical modeling, in-depth analysis of conduit
deflection, shape deformation, and the developed sectional normal
stress and bending moment has been conducted, which may not be
possible via experimental and analytical methods due to their limita
tions. A large number of input parameters were employed in this study
in order to simulate soil and buried conduit and their intricate re
lationships, amounting to a rigorous investigation of the complex aspect
of soil-conduit interaction. Practicing engineers can use the presented
graphical illustrations, explained mechanisms, and developed correla
tions of this study to further understand soil-conduit interaction and
ensure the structural integrity of conduits buried within soil slopes.

Numerical Modeling
The numerical investigation was conducted using the finite element
software, PLAXIS-2D. This software can be used to understand the
complex problem of soil-structure interaction and to investigate the
structural behavior of buried structures [27]. A two-dimensional (2D)
numerical model was created in accordance with the same geometrical
proportions as the experimental model previously employed by Khan
and Shukla [28]. The experimental model consisted of a soil slope of
1.25 m length, 0.45 m width and 0.56 m height, possessing an angle of
inclination i = 35◦ . The soil used in the experimentation was compacted
to a relative density of Dr = 70% and was classified as poorly graded
(SP). A rough steel footing of 440 mm length and 80 mm width was used
for pressure application on the buried unplasticized polyvinyl chloride
(PVC-U) conduits, having outer diameters of 80 mm and 160 mm. The
roughness of footing was ensured by attaching sandpaper to the bottom
of the footing with epoxy glue.
Small-scale physical models have been widely used to investigate
complex geotechnical problems in controlled environments [31].
Despite their limitations, these models can be a reliable source of data
used for numerical modeling [32]. To reduce the effect of boundary
conditions associated with small-scale experimental models, they can be
enlarged through appropriate scaling laws [33]. Existing literature
shows that values of geometric ratio employed for scaling small-scale
models for analysis of soil-structure interaction problems have ranged
between 10 and 700 [34–41]. In this study, the numerical model was
developed by enlarging the experimental model to the geometric ratio
Ln /Le = 100, where Ln and Le represent the length dimensions in the
numerical and experimental models, respectively. Irrespective of the
value of the geometric ratio used, appropriate scaling factors need to be
applied in order to maintain the rules of similitude when scaling smallscale models [42]. These scaling factors may be deemed suitable only if
both models are constitutively similar [43]. The values of the scaling
factor given in Table 1 were employed in this study to maintain simili
tude, as they are typically used for scaling small-scale models [43–45].
The validation of the numerical model, as discussed later in the paper,
illustrates constitutive similarity between the models.
Methodology
Fig. 1 illustrates the schematic diagram of the numerical model used
to investigate the structural response of the conduit buried within a soil
slope to the applied pressure. Existing literature shows that to date
structural responses of buried conduits have been analysed using both
static [46–48] and cyclic [49–51] loading conditions. For example,
Alzabeebee [52] conducted a comprehensive comparative analysis of
the response of buried conduits to different loadings, concluding static
loading condition to be the most stringent; hence, advocating for its use
in the design of buried conduits. Accordingly, a static loading condition
was considered in this study, where static pressure q was applied on a
surface footing of width B, located centrally above the crown of a buried
conduit with an outer diameter Bc . Since the focus of this study is on the
response of buried conduit, the length parameters used for the investi
gation were selected with respect to the outer diameter of the buried
conduit Bc . The literature shows that the width of footing used for load
application on buried conduits has varied between B = 0.4Bc − 1.0Bc
[53–56]. In their study, Khan and Shukla [28] considered footing width
Table 1
Typical values of the scaling factor used.
Parameter

Scaling factor

Length and displacement

Ln /Le

Stiffness
Density
Elastic moduli

2

Ln /Le
1
1
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Fig. 1. Schematic diagram of the numerical model.

to be equal to conduit diameter for applying static load on a conduit
buried within a soil slope. Considering that experimental results pro
vided in the aforementioned study were used for validating the nu
merical model presented in this study, the same conduit diameters (Bc =
80 mm and 160 mm), and corresponding footing widths were selected
to analyse the structural response of conduit buried within a soil slope
under static load condition. The values of the crest distance of the crown
of the buried conduit from the slope edge b/Bc , the burial depth of the
crown of the conduit from the soil surface z/Bc , and the slope angle i
were all varied. Various peripheral orientations of the conduit have been
expressed in terms of: angle α; crown (90◦ ); invert (270◦ ); slope side
springline and level-ground side springline (0◦ and 180◦ ); slope side
haunch and level-ground side haunch (315◦ and 225◦ ); and slope side
shoulder and level-ground side shoulder (45◦ , 135◦ ). In addition to tests
for the conduit buried within the soil slope, numerical modeling was also
conducted to determine the structural response of the conduit to the
applied surface pressure when buried under level ground (i = 0◦ ). It is
important to note here that the crest distance of the edge of the footing
from slope edge e/B was only used for model validation.

Table 2
Average difference in footing settlement for various values of H.

The Hardening Soil (HS) model was employed to simulate the soil
used in this analysis. The stress dependency of soil stiffness is the basic
feature of the HS model, making it more accurate for problems like
tunnel construction [57]. While the strength parameters of soil were
taken from experimental results reported by Khan and Shukla [28], the
stiffness parameters of the soil used for numerical modeling were
considered as a function of the modulus of subgrade reaction of the
foundation soil ks , expressed as [58],
q1.25
1.25 × 10−

3

(1)

where q1.25 represents the applied surface pressure at the footing set
tlement of 1.25 mm.
Using Eq. (1), the value of Young’s modulus of soil Es was calculated
as [59],
Es = ks H(1 + νs )(1 − 2νs )

Average difference in footing settlement (%)

0

1

2

3

2B

22.5

15.64

18.32

15.24

15.49

17.44

2.2B

18.75

14.62

16.38

12.4

13.54

15.13

2.4B

14.68

12.53

14.32

10.58

11.66

12.75

2.6B

10.65

10.58

11.29

8.74

9.47

10.16

2.8B

6.76

8.79

8.54

8.36

9.25

8.34

3B

5.97

9.23

9.46

11.58

13.54

9.96

Level
ground

Slope
(e/B)

Cumulative
difference

the experimental and numerical results at H = 2.8B, amounting to only
8.34%. Therefore, the value of H was taken as 2.8B.
It is important to note here that an additional model test possessing
the same geometrical parameters was conducted to calculate the values
of the modulus of subgrade reaction of the foundation soil ks and
Young’s modulus of soil Es for level ground. As shown in Table 3, the
calculated values of ks and Es were in total agreement with the values
reported in the current literature for similar laboratory models. Based on
guidelines provided by Brinkgreve et al. [57], and Obrzud and Truty
[60], the values of various soil parameters were applied in a manner
whereby the numerically simulated calculations of the footing settle
ment were equal to the experimental observations presented by Khan
and Shukla [28]. Table 4 details the properties of soil used in the nu
merical model.
A ‘tunnel designer’ tool that generates a circular structure by
employing plate elements was used to model the conduit material in this
study, in alignment with the approach employed by many other re
searchers to study various aspects of the soil-conduit interaction
[33,61–63]. The same values of Young’s modulus for the un-plasticized
polyvinyl chloride (PVC-U) conduit material E and its Poisson’s ratio νc
were used, as reported by Khan and Shukla [28]. The remaining pa
rameters were defined in terms of the ratio of wall thickness to the outer
diameter of the buried conduit t/Bc . If the value of t/Bc ratio is small, the
area and moment of inertia can be approximated as A = πBc t and I =

Materials

ks =

Thickness of
Sand Bed
H

(2)

π(Bc )3 t/8, respectively [64]. Table 5 details the set of input parameters
that were used to define the plate elements for simulating the buried
conduits in this study. The realistic frictional resistance between the
buried conduit and the surrounding soil was modeled by creating an
interface and using the strength interaction parameter Rinter = 0.8 [27].
Stiffness parameters for the surface footing EA = 640,000 kN/m and

where νs is the Poisson’s ratio of soil and His the thickness of the sand
bed, whose value ranges between two to three times the width of the
surface footing. Table 2 provides details of the average difference of
numerically simulated values of the footing settlement to the experi
mental results, as presented by Khan and Shukla [28] for various values
of H. It can be observed that the least cumulative error existed between
3
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Table 3
Comparison between the calculated and reported values of ks and Es .
Soil classification

Dr

Calculatedks

Reported
ks

νs

CalculatedEs

Reported
Es

–
Poorly graded
(SP)

%
70

kN/m3
26,000

kN/m3
26,100
Aria et al. [58]

–
0.32

kPa
2965

kPa
2750 – 7500
Srivastava et al. [64]

aforementioned mesh sizes were used to obtain the values of deflection
δ/Bc of the 80 mm conduit in response to the applied surface pressure of
50 kPa buried within the soil slope. Fig. 2 shows that the most divergent
results were obtained when ‘very coarse’ and ‘coarse’ mesh sizes were
employed, reaching a computation error of approximately 19%. How
ever, the simulated results were observed to converge with mesh
refinement, as the values of the conduit deflection became very
consistent beyond the ‘fine’ mesh size. Hence, the ‘fine’ mesh size was
used for mesh generation. By employing the ‘staged construction’
loading type, the initial stress conditions were generated in the model
slope by using the ‘gravity loading’ option. Thereafter, by adding a null
phase, the displacements generated in the ‘initial phase’ were zeroed to
remove the effects of initial pressure distribution on the following
detailed analysis of the structural response of the conduit buried within
the soil slope.

Table 4
Properties of soil used in the numerical model.
Soil parameter

Unit

Value

γ

kN/m3

15.37

c

kPa

3.22

φ

degree

36.08

ψ

degree

6.08

E50

ref

kPa

2815

ref
Eoed

kPa

2815

ref

kPa

8445

pref

kPa

100

νur

–

0.2

m

–

0.4

Eur

Validation of numerical model

Table 5
Input parameters used to define the plate elements used in the numerical model.
Parameter

Unit

Experimental
Khan and Shukla [28]

Bc

m

80 × 10−

t

m

1.2 × 10

E

MPa

3200

EA

kN/m

EI

νc

3

16

0.10

0.45

–

7.8 × 104

7.0 × 105

kNm /m

–

66

585

–

0.38

2

160 × 10−

3

8

− 3

5.0 × 10

The developed numerical model was validated by employing the
experimental load-settlement curves presented in Khan and Shukla [28]
for soil slope (i = 35◦ ) and additional experimental model tests (as
mentioned earlier) for level ground. Fig. 3(a) and (b) illustrate com
parison of the experimental and numerical load-settlement curves for
the surface footing located at the crest distance e/B = 0, 1, 2 and 3,
without the conduit and with the buried conduit B = Bc , respectively.
Moreover, the comparison of the load-settlement curves is also pre
sented for the footing located over the level ground. For the models with
the conduit, an 80 mm PVC-U conduit was buried at a depth of z/Bc = 1.
Quantitative comparison of the numerically simulated results of the
load-settlement curves with those of the experimental results [28] is
provided in Table 6, where it can be noted that the maximum difference
between the numerical and experimental values is below 10%, indi
cating that the numerically simulated results were in good agreement
with the experimental ones [58]. According to Baker et al. [66],
constitutive similitude has been noted to exist between models if the
non-dimensional stress–strain curves of homologous material are

Numerical

− 3

EI = 85 kNm2/m were taken as per the parameters defined by Kazi et al.
[65] for a similar steel footing. The roughness of the footing was
simulated by not ‘applying strength reduction’ to the footing plate and
the adjacent soil. After defining model parameters, standard fixities
were automatically applied to the model boundaries. The PLAXIS soft
ware provides five mesh sizes (very coarse, coarse, medium, fine and
very fine) for mesh generation. During sensitivity analysis, the

Fig. 2. Mesh sensitivity analysis.
4
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Effect of crest distance on conduit deflection and shape deformation
Fig. 4(a) and 4(b) illustrate the variation of the conduit deflection δ/
Bc with the applied surface pressure q, when buried within the soil slope
at the depth z/Bc = 1.0 and different values of the crest distance b/Bc ,
for conduits Bc = 80 mm and Bc = 160 mm, respectively. For compar
ison, curves for the conduit deflection versus the applied surface pres
sure are also presented for the conduits buried under the level ground at
the same burial depth. The maximum values of the vertical δv /Bc and
horizontal δh /Bc deflection, as obtained from the numerical simulations,
are expressed as positive ‘+ive’ and negative ‘–ive’, respectively. It can
be observed for both the conduits that at any surface pressure q, the
values of δv /Bc and δh /Bc are higher when the conduit is buried close to
the slope surface, i.e. b/Bc = 0.5. With an increase in the crest distance
b/Bc , the vertical and horizontal deflections of the conduit decrease,
whereby they gradually become equal to that of the conduit buried
under the level ground. In order to better understand this behavior, it is
important to analyze the effect of the applied surface pressure on the
underlying soil, as well as the resulting conduit deflection and shape
deformation.
The effect of the applied surface pressure on the underlying soil can
be explained in terms of the degree of support available on both sides of
the surface footing [68,69]. For level ground, the equal support on both
sides of the footing results in a symmetrical elastic wedge, with equal
pressure distribution on both sides [3]. Contrastingly, due to reduced
support on the slope side of the footing located near a soil slope, the
elastic wedge and the corresponding pressure distribution are asym
metric in nature [70]. Using the method of stress characteristics pre
sented by Graham et al. [71], the area of influence of the applied surface
pressure can be analytically calculated and illustrated in terms of the
footing failure mechanism. Accordingly, the direction of slip surfaces
along which soil particles are likely to move under application of surface
pressure is assumed to be parallel to the shear failure planes of the
footing [72]. By employing the dimensions of the elastic wedge provided
in Table 7, the analytically calculated symmetric and asymmetric effect
of the applied surface pressure on the soil underlying the level ground
surface (i = 0◦ ) and the soil slope (i = 35◦ ) have been presented in
Figs. 5(a) and 6(a), respectively. In addition, by using the numerically
simulated displacement vectors, the direction of soil displacement is also
demonstrated in Figs. 5(b) and 6(b) for i = 0◦ and i = 35◦ , respectively.
To analyze the effect of soil displacement on conduit deflection, the
deformed shapes of a conduit in response to: applied surface pressure
q = 50 kPa; observed at burial depth z/Bc = 1.0; and different values of
the crest distance b/Bc (in the case of soil slope, i = 35◦ ) and level
ground, for conduits Bc = 80 mm and Bc = 160 mm, are presented in
Fig. 7(a) and 7(b), respectively. It can be noted here that when buried
under level ground, the shape deformation is symmetric for both con
duits. This symmetric deformation is because of the fact that under the
application of surface pressure, soil particles between the overlying
footing and the buried conduit are pushed vertically downwards by the
formed elastic wedge, as shown in Fig. 5(a) [3]. Similarly, the vertical
direction of displacement vectors can also be observed in Fig. 5(b),
where it can be noted that soil on both sides of the conduit springline do
not yield under the application of surface pressure. Therefore, the sur
rounding soil is able to provide equal and adequate lateral support to the

Fig. 3. Comparison of experimental and numerical load-settlement curves for
the footing: (a) Without conduit; (b) With buried conduit B = Bc .

similar. Hence, it was concluded that the developed numerical model
was constitutively similar to the subject experimental model. The results
of the structural response of the conduit to the applied pressure, as
extracted from the validated numerical model, are discussed below.
Results and discussion
Conduit deflection and shape deformation
The deflections and shape deformations of a buried structure are
considered to be amongst the most critical parameters used to define its
structural integrity [67].

Table 6
Average difference between the load-settlement curves.
Average difference between the load-settlement curves (%)
Without conduit
(Fig. 3(a))
Level ground

6.44

With conduit
(Fig. 3(b))
Slope
(e/B)

Level ground

0

1

2

3

9.72

9.12

8.7

9.35

7.09

5

Slope
(e/B)
0

1

2

3

2.85

7.97

8.01

9.15
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conduit is much lower. This is because of the unrestricted deformation of
the conduit on the slope side, where higher values of conduit deflection
δ/Bc can be observed in Fig. 4(a) and 4(b) for conduits buried within the
soil slope. An increase in the crest distance increases the amount of
supporting soil on the slope side of the conduit, which causes a reduction
in its slope side deformation. Consequently, the value of δ/Bc decreases
with an increase in crest distance, gradually becoming equal to that of
level ground. For all values of q, the average deflection of the conduit
buried within the soil slope at the crest distance b/Bc = 0.5 can be
observed to be about 360% higher than that of the conduit buried under
level ground.
Effect of burial depth on conduit deflection and shape deformation
Fig. 8(a) and 8(b) illustrate variation of the conduit deflection with
applied surface pressure q when buried within a soil slope at the crest
distance b/Bc = 0.5 and with different values of burial depth z/Bc , for
conduits Bc = 80 mm and Bc = 160 mm, respectively. It can be observed
here that at any surface pressure q, the values of δv /Bc and δh /Bc for both
conduits are higher when buried shallow. However, an increase in burial
depth reduces conduit deflection, which shows that at shallow depths
the superimposed construction loads dominate the design and perfor
mance of the buried conduits [1]. The higher influence of applied sur
face pressure at shallow depths causes a significant displacement of
underlying soil, as demonstrated by the higher concentration of
displacement vectors in Fig. 6(b). The excessive yielding of underlying
soil towards the free slope surface reduces the lateral support available
to the slope side of the buried conduit, resulting in highly asymmetric
conduit deformations, as illustrated in Fig. 9(a) and 9(b) for the conduits
Bc = 80 mm and Bc = 160 mm, respectively. As compared to the levelground side, the conduit deformations are significantly higher on the
slope side. With an increase in burial depth, the influence of the applied
surface pressure on the underlying soil reduces. This phenomenon is
evident in Fig. 6(b) in terms of decreasing concentration of displacement
vectors with increasing depth. The decreasing influence of the applied
pressure allows the soil around the slope side of the conduit to provide
increased lateral support, causing a decrease in its slope side deforma
tion. Consequently, the value of δ/Bc decreases with an increase in the
burial depth, as shown in Fig. 8(a) and 8(b). For all values of q, an in
crease in burial depth from z/Bc = 0.5 to 3.0 results in a decrease in the
average deflection of the conduit by about 90%.

Fig. 4. Variation of conduit deflection with applied pressure when buried at z/
Bc = 1.0, for the conduit: (a) Bc = 80 mm; (b) Bc = 160 mm.
Table 7
Dimensions of the elastic wedge.
Parameter

Developed normal stress and bending moment

i = 0◦
Eccentricity ratio of the surface pressure,Xl /Xs

Internal angle of the elastic wedge on level-ground side,ωl
(degrees)

Internal angle of the elastic wedge on slope side, ωs (degrees)

For safe design, it is important to calculate the magnitude of normal
forces and bending moments that a buried structure may experience due
to the applied pressure [27].

Value
i = 35◦

1.0

0.09

36.08

36.08

36.08

Normal stress
Table 8 provides the values of maximum normal stress σn,max
extracted from the numerical model in response to the applied surface
pressure q = 50 kPa, observed for conduits Bc = 80 mm and Bc = 160
mm buried within the soil slope at different values of crest distance b/Bc
and burial depth z/Bc . Further, values of σ n,max for level ground are also
reported for comparison. The negative ‘–ive’ sign represents the down
ward direction of the normal stress. It can be observed that in all cases,
the normal stress varies linearly with an increase in the burial depth.
This indicates that the normal stress experienced by a conduit is influ
enced by the weight of the overburden soil column [1]. Moreover, it can
also be noted that for all values of z/Bc , the highest normal stress σ n,max
was observed when the conduit is buried near the slope surface, i.e. b/
Bc = 0.5. An increase in the crest distance b/Bc reduces the value of the
σ n,max , gradually, approaching to that of level ground. This behavior
demonstrates that the normal stress experienced by a conduit buried
within a soil slope is not only the function of the overburden soil column
but also depends upon the arching phenomenon. Arching occurs within

3.75

Initial radius of the failure plane on level-ground side, rol
(mm)

0.6B

0.1B

Initial radius of the failure plane on slope side, ros (mm)

0.6B

0.9B

buried conduit, resulting in an equal horizontal deformation on both
sides, quantitatively expressed as the lower values of the conduit
deflection δ/Bc for the level ground in Fig. 4(a) and 4(b). On the con
trary, Fig. 6 (a) and 6(b) show that under the application of surface
pressure, the soil around the buried conduit yields and moves towards
the free slope surface. Due to this phenomenon, the soil is unable to
provide adequate lateral support to the buried conduit, causing asym
metric shape deformation. In accordance, Fig. 7(a) and 7(b) illustrate
excessive deformations on the slope side haunch and slope side spring
line of the conduits Bc = 80 mm and Bc = 160 mm, respectively. In
comparison, the conduit deformation on the level-ground side of the
6
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Fig. 5. Direction of soil displacement for the level ground (i = 0◦ ), with conduit buried at z/Bc = 1.0: (a) Analytically calculated; (b) Numerically simulated.

a soil mass when the stress over a yielding mass is transferred to the
adjoining stationary mass [3]. Due to the asymmetrical effect of the
applied surface pressure on the underlying soil, as discussed in the
previous section, the soil around the slope side of the conduit yields and
moves towards the free slope surface. The yielding soil mass is unable to
provide adequate lateral support to the applied pressure and as a result,
higher normal stress is experienced by the buried conduit. With an in
crease in the crest distance b/Bc , the amount of soil that has the ability to
support the applied pressure also increases, causing a decrease in the
stress σn,max . It should also be noted here that for all burial depths, the
lowest value of normal stress σ n,max was observed, when the conduit was
buried under level ground. For the surface pressure q = 50 kPa and
burial depth z/Bc = 0.5, the maximum normal stress experienced by the
conduit buried within a soil slope at the crest distance b/Bc = 0.5 is
observed to be about 24% higher than that of the conduit buried under
level ground.

by analyzing the structural integrity of the conduit as a function of the
surrounding soil support and the location of the developed bending
moments. Fig. 11(a) and 11(b) show the location of maximum bending
moments for conduits Bc = 80 mm and Bc = 160 mm, respectively. It
can be observed that when buried within the soil slope, a conduit ex
periences maximum negative and positive bending moments at its slope
side shoulder and slope side of the crown, respectively. This shows that
when buried close to the slope surface, the minimum restraint available
to the slope side shoulder of the conduit and the soil displacement
caused by the applied pressure (as discussed earlier) renders it the most
vulnerable section of the conduit. Further, the material properties
defined by Khan and Shukla [28] indicate that the compressive strength
of PVC-U material is higher than its tensile strength, making it more
susceptible to outward-developing sectional forces. As illustrated in
Fig. 12(a), these factors result in the development of an upward bowing
negative bending moment Mneg,max at the slope side shoulder of the
conduit as the primary response to the applied pressure. As a secondary
response, the conduit experiences a downward sagging positive bending
moment Mpos,max at the slope side of the crown of the conduit, whose
value is lower than that of Mneg,max . Contrastingly, when buried away
from the slope surface, the lower tensile strength of the PVC-U material
is supplemented by the higher soil support available to the slopeside of
the conduit. Therefore, in comparison to Mpos,max , lower values of
Mneg,max are experienced by the conduit buried at higher values of the
crest distance b/Bc . Similarly, due to the maximum lateral support
available to the conduit buried under the level ground, the developed
negative bending moment is lower than the positive bending moment.
Further, as a result of the high lateral support, the bending moment Mmax
experienced by the conduit buried under level ground is the lowest. For
the surface pressure q = 50 kPa and burial depth z/Bc = 0.5, the
average maximum bending moment experienced by the conduit buried

Bending moment
Fig. 10(a) and 10(b) illustrate the values of maximum positive
Mpos,max and maximum negative Mneg,max bending moments extracted
from the numerical model in response to the applied surface pressure
q = 50 kPa, observed at different values of the crest distance b/Bc and
burial depth z/Bc , for conduits Bc = 80 mm and Bc = 160 mm,
respectively. It can be observed here that in all cases, Mpos,max and
Mneg,max decrease with an increase in the burial depth. This suggests that
the influence of the applied surface pressure on the developed bending
moments decreases with an increase in burial depth. Moreover, in the
case of soil slope, for all values of z/Bc , the negative bending moment
Mneg,max is higher than the positive bending moment Mpos,max when the
conduit is buried close to the slope surface. However, as the crest dis
tance b/Bc increases, the opposite trend is noted. This can be explained
7
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Fig. 6. Direction of soil displacement for the soil slope (i = 35◦ ), with conduit buried at z/Bc = 1.0 : (a) Analytically calculated; (b) Numerically simulated.

Fig. 7. Deformed shapes of conduit in response to the applied pressure q = 50 kPa, buried at z/Bc = 1.0 (scaled up 10 times): (a) Bc = 80 mm; (b) Bc = 160 mm.
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within the soil slope at b/Bc = 0.5 was observed to be about 588%
higher than that of the conduit buried under level ground. Moreover,
Fig. 11(a) and 11(b) show that when buried under level ground
(expressed as infinity ∞) at different values of the burial depth z/Bc ,
conduits may experience Mneg,max and Mpos,max at either (slope side or
level-ground side) shoulder or either side of the crown, respectively.
Therefore, it can be concluded that in locating the critical section of the
conduit buried under level ground, the side of the conduit is not a
considerable factor. This argument can also be supported by the sym
metrical bending moment distribution around the conduit developed in
response to the applied surface pressure, as illustrated in Fig. 12(b).
The results presented above show that the structural response of the
conduit buried within the a soil slope generally become equal to that of
the level ground at a critical crest distance of approximately b/Bc = 5.0.
Moreover, this crest distance ceases to affect the structural response of
the conduit, when buried at a depth exceeding z/Bc = 3.0.
It is important to note here that in addition to the slope angle i = 35◦ ,
the structural response of the conduit to applied pressure was also
investigated in this study for other slope angles i.e. 10◦ , 20◦ and 30◦ .
Higher values of slope angle could not be studied because the ‘soil body
seemed to collapse’. This shows that for slope angles higher than the
friction angle of the soil (φ = 36.08◦ ), the structural response of the
buried conduit to the applied pressure can not be investigated due to
slope stability issues. From the analyzed slope angles, the highest
structural response of the conduit was observed when buried within the
soil slope (i = 35◦ ), and is therefore presented in this research paper.
For further comprehension, the combined effect of the crest distance
and the burial depth on the conduit deflection, and the effect of the slope
angle on the structural response of the buried conduit, are additionally
presented in the illustrations provided in the supplementary material.
Regression analysis
In recent times, the use of statistical tools for understanding the
complexities of many geotechnical problems has become very common
[73–76]. Accordingly, MATLAB software was used to conduct stepwise
regression and develop preliminary correlations between different pa
rameters discussed in previous sections of this research paper. Further,
the statistical details of various input and output parameters are pro
vided in Table 9. Using the developed model, 800 numerical simulations
were conducted for each of the output parameters. The k-fold technique
was used for cross-validation, where scatter plots regarding: the
regression analysis for vertical and horizontal deflections; maximum

Fig. 8. Variation of conduit deflection with applied pressure when buried
within the soil slope (i = 35◦ ) at b/Bc = 0.5, for the conduit: (a) Bc = 80 mm;
(b) Bc = 160 mm.

Fig. 9. Deformed shapes of conduit in response to the applied pressure q = 50 kPa, buried at b/Bc = 0.5 (scaled up 5 times): (a) Bc = 80 mm; (b) Bc = 160 mm.
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Table 8
Values of maximum normal stress observed in response to the applied pressure q = 50 kPa.
Maximum normal stress σn,max (kPa)
Crest Distanceb/Bc

Burial depth z/Bc
Bc = 80 mm
0.5

Slope

Level ground

0.5
1.0
2.0
3.0

−
−
−
−
−

129.2
120.8
112.8
112.9
104.2

Bc = 160 mm
1.0
−
−
−
−
−

170.1
163.3
155.3
149.7
146.1

1.5
−
−
−
−
−

208.8
205.6
197.1
189.5
185.9

2.0

0.5

1.0

− 254.4
− 238.9
− 235.3
–232.3
− 225.1

–223.6
− 201.2
− 196.7
− 195.6
− 191.0

−
−
−
−
−

305.4
303.0
295.3
292.7
291.9

1.5
−
−
−
−
−

408.5
406.9
394.3
393.8
386.0

2.0
−
−
−
−
−

507.3
505.9
489.9
486.6
473.2

Fig. 10. Values of maximum positive and negative bending moments in response to the applied pressure q = 50 kPa, for the conduit: (a) Bc = 80 mm; (b) Bc =
160 mm.
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Fig. 11. Location of maximum bending moments in response to the applied pressure q = 50 kPa, for the conduit: (a) Bc = 80 mm; (b) Bc = 160 mm.
Table 9
Statistical details of various input and output parameters.
Category

Parameter

Symbol

Min

Max

Mean

Input

Conduit diameter (mm)

Bc

80

160

120

i

0

35

19

Burial depth

z/Bc

0.5

3.0

1.6

Crest distance

b/Bc

0.5

3.0

1.6

q

20

100

54

Vertical deflection (%)

δv /Bc

0.1

18

2.0

Horizontal deflection (%)

δh /Bc

0.1

15

0.9

σn,max

88.2

709.3

311.2

Mpos,max

2.2

240.0

28.3

Mneg,max

1.8

270.0

25.6

Slope angle (degrees)

Applied pressure (kPa)
Output

Normal stress (kPa)
Maximum Positive bending
moment (kN m/m)
Maximum Negative bending
moment (kN m/m)

normal stress; and maximum positive and negatives bending moments,
are presented in Fig. 13(a-e). Based on the regression analysis, the
following correlations were developed,
For vertical deflection δv /Bc ,
δv /Bc = − 1.15 − 0.002(Bc ) + 0.14(i) − 0.46(z/Bc ) − 0.17(b/Bc ) + 0.11(q)
− 0.0006(i)(Bc ) + 0.006(Bc )(z/Bc ) + 0.004(Bc )(b/Bc )
− 0.0003(q)(Bc ) − 0.03(i)(z/Bc ) − 0.03(i)(b/Bc )
+ 0.001(i)(q) + 0.27(z/Bc )(b/Bc ) − 0.02(q)(z/Bc )
− 0.009(q)(b/Bc )

(3)

For horizontal deflection δh /Bc ,
δh /Bc = − 1.26 + 0.0003(Bc ) + 0.11(i) − 0.13(z/Bc ) − 0.04(b/Bc ) + 0.06(q)
− 0.0004(i)(Bc ) + 0.002(Bc )(z/Bc ) + 0.002(Bc )(b/Bc )
− 0.0001(q)(Bc ) − 0.02(i)(z/Bc ) − 0.03(i)(b/Bc )
Fig. 12. Bending moment distribution around the 160 mm conduit in response
to the applied pressure q = 50 kPa, buried at z/Bc = 1.0: (a) Soil slope i = 35◦
at b/Bc = 0.5; (b) Level ground.

+ 0.0009(i)(q) + 0.25(z/Bc )(b/Bc ) − 0.01(q)(z/Bc )
− 0.009(q)(b/Bc )
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Fig. 13. Scatter plots obtained from the regression analysis for: (a) Vertical deflection; (b) Horizontal deflection; (c) Maximum normal stress; (d) Maximum positive
bending moment; (e) Maximum negative bending moment.

For maximum normal stress σ n,max ,

of structural response parameters for conduits that are buried in similar
situations. In future, more advanced intelligence techniques may be
employed to further enhance model accuracy and robustness.

σ n,max = − 11.5 + 0.53(Bc ) + 1.07(i) − 10.87(z/Bc ) − 9.59(b/Bc ) + 0.58(q)
− 0.004(i)(Bc ) + 1.29(Bc )(z/Bc ) + 0.06(Bc )(b/Bc )
− 0.36(i)(z/Bc ) + 3.32(z/Bc )(b/Bc ) − 0.15(q)(z/Bc )

(5)

Conclusions

For maximum positive bending moment Mpos,max ,

Based on the findings presented in the previous section, the following
conclusions can be drawn:

Mpos,max = − 51.06 + 0.39(Bc ) + 0.49(i) + 7.2(z/Bc ) + 14.08(b/Bc ) + 0.13(q)
+0.01(i)(Bc ) − 0.04(Bc )(z/Bc ) − 0.11(Bc )(b/Bc )

1. Conduit deflections and shape deformations are highly dependent on
soil movement around a buried conduit. Under the application of
surface pressure, the soil within a sloping ground yields and moves
towards the free slope surface, resulting in the lack of lateral support
on the slope side of a conduit and causing an asymmetric conduit
deformation. Due to unrestricted deformation on the slope side, the
deflection of a conduit buried within a soil slope can be 360% higher
than that of a conduit buried under level ground which has adequate
and consistent lateral support on both sides.
2. The applied surface pressure dominates the deflections and shape
deformations of a conduit that is buried at shallow depths. Due to this
higher influence, a buried conduit deforms asymmetrically and un
dergoes higher deflection. However, an increase in burial depth re
duces the effect of applied pressure on conduit deformations and
deflections.
3. The arching effect has a significant effect on the value of maximum
normal stress experienced by a conduit buried within a soil slope.

+ 0.002(q)(Bc ) − 0.16(i)(z/Bc ) − 0.48(i)(b/Bc ) + 0.002(i)(q)
+ 1.72(z/Bc )(b/Bc ) − 0.09(q)(z/Bc ) − 0.04(q)(b/Bc )
(6)
For maximum positive bending moment Mneg,max ,
Mneg,max = − 53.24 + 0.39(Bc ) + 0.71(i) + 9.5(z/Bc ) + 16.43(b/Bc ) + 0.07(q)
+0.01(i)(Bc ) − 0.07(Bc )(z/Bc ) − 0.12(Bc )(b/Bc )
+ 0.002(q)(Bc ) − 0.27(i)(z/Bc ) − 0.56(i)(b/Bc ) + 0.002(i)(q)
+ 2.27(z/Bc )(b/Bc ) − 0.08(q)(z/Bc ) − 0.04(q)(b/Bc )
(7)
Fig. 13 (a-e) show that the coefficient of determination (R ) for Eqs.
(3)–(7) is greater than 0.7, which depicts a strong relationship between
the observed and predicted values [77]. Therefore, the developed cor
relations may be used by practicing engineers for preliminary estimation
2
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When buried in close proximity to the slope surface, the soil around
the slope side of a conduit yields under the applied pressure; hence,
increasing the value of the normal stress. In contrast, an increase in
the distance between the buried conduit and yielding soil mass de
creases the effect of the arching phenomenon. Consequently, a
conduit experiences lower values of normal stress at higher values of
crest distance, which gradually become equal to that of level ground.
The normal stress experienced by a conduit buried within a soil slope
can be 25% higher than that of a conduit buried under level ground.
4. At shallow depths, the maximum negative bending moment experi
enced by a conduit buried within a soil slope is always higher than
the maximum positive moment. This phenomenon occurs due to a
lack of soil support on the slope side shoulder of a conduit and the
lower tensile strength of a conduit material. An increase in burial
depth also increases the soil support available to a buried conduit,
resulting in an opposite trend. Due to the lack of adequate soil sup
port on the slope side, the bending moment experienced by a conduit
buried within a soil slope can be 590% higher than that of a conduit
buried under level ground.
5. The structural response of a conduit buried within a soil slope be
comes equal to that of level ground at a crest distance of approxi
mately b/Bc = 5.0. Moreover, at a burial depth exceeding about
z/Bc = 3.0, the effect of crest distance on the structural response of a
conduit becomes insignificant.
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CHAPTERS
STRESS DISTRIBUTION AROUND THE CONDUIT BURIED WITHIN
A SOIL SLOPE -AN EXPERIMENTAL INVESTIGATION
This chapter is currently under review as an original research paper in the 'International
Journal of Physical Modelling in Geotechnics ', an official journal of Institution of Civil
Engineers (ICE), United Kingdom, as listed in Section 1.4. The details presented here are the
same, except some changes in the layout in order to maintain a consistency in the
presentation throughout the thesis.
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The use of conduits for transportation of utilities is very common around the world. The safe design and
installation of these conduits depend upon the understanding of the soil-conduit interaction and the resulting
stress distribution. This research paper presents a laboratory model test investigation of the effect of crest dis
tance of the conduit buried within a sandy soil slope on the stress distribution around it and its structural
response to the applied surface pressure. The crest distance of the conduit was varied from 0.25Bc to 2Bc ; Bc
being the outer diameter of the conduit. The results show that the stress distribution around the conduit buried
within the soil slope differs significantly as compared to the conduit buried under the horizontal ground. The
crest distance of the conduit from the slope edge and the resulting soil-conduit interaction governs the stress
distribution and its structural response to the applied pressure. The graphical presentations, and the predicted
soil-conduit interactions, as included in this paper, can be used routinely by the practicing engineers for the safe
design and installation of the conduits buried within a soil slope.

Introduction
Buried conduits have become the primary mode of utility trans
portation around the world due to their economic and safety benefits.
Engineers face several challenges in the design and installation of these
conduits. Moreover, if the construction project is located in hilly ter
rains, additional considerations are essentially required, mainly because
of soil erosion and slope instability [1,2]. Accurate evaluation of the soil
restraint and loading on a conduit, relative to the movement of the
adjacent soil is important in maintaining its integrity [3]. It is also
important to give special attention to the safety assessment of buried
conduits [4]. Understanding the stress distribution around a conduit due
to soil cover and the surface loads is essential for a cost-effective design
[5].
The vertical stress on a conduit buried under the horizontal ground
was first studied analytically by Marston and Anderson [6]. The study
was based on the concept of an internal soil prism whose load was
imposed on the buried conduit. It was concluded that the width of the
soil prism depends upon the relative stiffness of the buried conduit and
the adjacent soil. Terzaghi [7] extended the same concept to the tunnel
design and explained the arching phenomenon in terms of the relative

yielding of the soil located above the buried structure and the resulting
transfer of applied pressure to the adjacent stationary soil mass. Since
the 1960s, many experimental and numerical studies have also been
carried out to investigate the stress distribution around the buried
conduits and their structural response.
Burns and Richards [8] analyzed the effect of surface pressure on the
soil-conduit interaction of an elastic cylinder, buried under the hori
zontal ground. Using finite element modelling (FEM), the influence of
bending stiffness of the buried cylinder on the load transfer mechanism
was studied in detail. The FEM results were employed to formulate
several non-dimensional correlations to estimate thrusts and displace
ments developed in the elastic cylindrical shell. Trott and Gaunt [9]
conducted an experimental study to measure the vertical deformations
of different conduits buried under a major roadway. In addition, the
effect of overburden soil pressure and the traffic loads on the stress
measurements at the crown and sides of the buried conduits were also
noted. It was concluded that as compared to the regular road traffic, the
construction traffic had a more pronounced effect on the stress distri
bution around the conduit and its structural response. Duncan [10]
studied the interaction between flexible metal culverts and the sur
rounding soil backfill by numerically simulating the backfilling process,
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followed by the application of live loads. The numerical results were
used to propose a simplified design procedure for long-span metal cul
verts, that included the influence of both ring and bending compression.
Dhar et al. [11] utilized the FEM analysis to check the performance of
the numerical model in calculating the conduit deflections and the
circumferential strains. By analyzing the effect of poor haunch support
on the buried polyvinyl chloride (PVC) and high-density polyethylene
(HDPE) conduits, shape factors were proposed to calculate the strains
developed in the buried conduits. Chapman et al. [12] employed the
research conducted by Potts [13] to determine the stress distribution
around the buried conduit, using strain gauge readings. Brachman et al.
[14] carried out laboratory tests to investigate the effect of soil
compaction on the vertical and horizontal deflections for PVC and HDPE
conduits. The circumferential strain measurements were used to calcu
late empirical strain factors for different sections of the buried conduits.
Talesnick et al. [15] instrumented a buried HDPE conduit with pressure
cells to study the stress distribution around it, under static loading
conditions. The comparison between the stress distribution for the loose
and compacted backfill revealed that the change in relative stiffness had
a significant influence on the vertical stress measurements at the crown
and invert of the conduit. Whereas, the horizontal stress measurements
on both sides of the springline were very similar.
Recently, Talesnick and Frydman [16] investigated the effect of soil
cover and traffic loading on the stress distribution around an HDPE
conduit and its structural response. The study concluded that as
compared to a completed roadway, the buried conduits are subject to
higher traffic loads during the construction phase. The relationships
between the vertical and horizontal deflections, and crown and spring
line stress measurements were also provided to be used so that prac
ticing engineers may make predictions for similar conditions.
Elshesheny et al. [17] conducted laboratory tests to analyze the struc
tural performance of rigid conduits in incremental cyclic loading con
ditions. The results showed that the number of load cycles significantly
affected the stress and strain measurements for the buried conduits.
However, an increase in the burial depth significantly diminished that
effect. The literature is full of similar studies regarding the stress dis
tribution and structural response of conduits buried under the horizontal
ground [18–25]. However, due to the change in soil geometry, the
behavior of the conduit buried within a slope may be very different.
Wadi et al. [26] presented a numerical research that analyzed the
structural response of corrugated steel pipe culverts buried under the
sloping ground. Using finite element modelling, the effects of the slope
angle and the soil loading on the structural response of the buried cul
verts and their shape deformation were presented. Khan and Shukla [27]
used the concept of arching phenomenon to provide an analytical so
lution to the vertical load on a conduit buried under a sloping terrain.
However, both these studies do not provide any information regarding
the stress distribution around the buried conduits under application of
external loads. Therefore, laboratory model tests have been designed
and developed to investigate this research gap, focusing on how the crest
distance of the buried conduit from the slope edge affects the contact
stresses around it and its structural response to the applied surface
pressure.

1289.3.8.3 [28] served as the guideline to measure various physical
properties of the sandy soil. The air-dried poorly graded soil had an
effective grain size of 0.18 mm, uniformity coefficient Cu of 1.89, cur
vature coefficient Cc of 1.02, minimum dry density γdmin of 13.83 kN/m3,
maximum dry density γ dmax of 16.14 kN/m3, minimum void ratio emin of
0.6, maximum void ratio emax of 0.87, cohesion c of 3.22 kPa, and fric
tion angle φ of 36.08˚. By applying moderate effort, this type of sand can
be compacted to a relatively uniform density [29]. The stress–strain
response of soil depends upon the morphological properties of its par
ticles [30,31]. To understand particle morphology, ImageJ software was
used to covert the microscopic images of the sand particles into binary
images. Following the research by Sezer et al. [32], the digital image
analysis of 54 soil particles was conducted, and the particle shape
identifiers were obtained, as provided in Table 1. The roundness of the
sand particles was taken as the ratio of the average radius of curvature of
the particle edges to the maximum inscribed circle and their sphericity
was calculated as the ratio of the radius of the largest inscribed circle to
the smallest circumscribing circle. The regularity of the sand particles
was calculated as the average of roundness and sphericity. By comparing
the aforementioned results to the detailed analysis of the particle shapes
for various sandy soils reported by Cho et al. [33] and Jensen et al. [34],
the brickie sand particles can be categorized as highly regular. This in
dicates that under load application, the soil particles would have more
freedom to roll over each other, especially at lower stress values [35].
The stress–strain responses and the volumetric behaviour of the sandy
soil are illustrated in Fig. 1.
A 160-mm un-plasticized polyvinyl chloride (PVC-U) conduit having
a wall thickness of 5 mm, manufactured according to AS/ NZS 1477 [36]
was used in this study. The PVC-U material had an ultimate tensile
strength of 52 MPa, compressive strength of 66 MPa, Tensile modulus of
3,200 MPa, and Poisson’s ratio of 0.38. The interface shear box tests are
commonly used to assess the soil-conduit interface strength [37–39].
Two direct shear tests were conducted for the normal stresses 50 kPa and
100 kPa, for each of the soil-soil and soil-conduit interfaces. The average
of both tests was utilized to calculate the stress ratio τ/σn , which was
then employed to compare the stress–strain responses of the interfaces
[34]. Fig. 2 shows that the soil-conduit interface strength for the PVC-U
material used in this study is about 64% of the strength of the soil-soil
interface.
Laboratory test cell
A 1250 mm long, 450 mm wide, and 800 mm high laboratory model
test cell was used for the experimentation. Two sidewalls of the cell were
made up of 5-mm thick steel sheet to limit side deflection. Whereas, the
other two sidewalls were made up of 25-mm thick plexiglass sheet
supported by vertical and horizontal steel members to minimize the
frictional resistance between the sandy soil and the cell wall [12].
Instrumentation
Four 30-mm miniature pressure cells, with a pressure sensing
diameter of 23 mm were installed at the exterior surface of the conduit
to measure contact stresses on the crown, the invert, and the springlines
of the conduit, as illustrated in Fig. 3(a). Similar instrumental setup of
miniature pressure cells for measuring stresses around buried conduits
have also been utilized by other researchers [15,18,40]. Fig. 3(b) shows

Experimental study
Model tests were conducted in a laboratory test cell located in the
Geotechnical Engineering Laboratory, Edith Cowan University (ECU),
Western Australia. The following sections describe the properties of the
material used, the model test cell, the instrumentation, and the test
procedures adopted for this study.

Table 1
Particles shape identifiers of the yellow brickie sand.
Particle Shape Identifiers

Description of materials
‘Yellow brickie sand’ was extracted from a deserted piece of land in
the Perth region of Western Australia to be used in the present study. AS
2

Value

Roundness, R

0.61

Sphericity, S

0.74

Regularity, ρ

0.67
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Fig. 1. Stress-strain responses of the sandy soil.

the two linear displacement transducers, installed inside the conduit to
measure variations in its vertical and horizontal diameters. The pressure
cell mounts and the displacement transducer holders, designed by Sol
idWorks software, were machined with due care in the manufacturing
workshop to ascertain accuracy [40]. Moreover, a rigid steel footing of
440 mm length, 80 mm width, and 35 mm thickness was used to ensure
uniform application of the surface load. A 50-kN load cell was positioned
between the rigid steel frame of the test cell and a hydraulic jack. Two
linear displacement transducers were used to measure the settlement of
the surface footing. The transducers were installed at equal distances
from the footing edge on both sides to ensure symmetry of the applied
loading. The results presented in the research paper correspond to the
experiments where the symmetry of the applied load could be verified
by approximately equal settlement results acquired through the
installed transducers. Fig. 3(c) shows the load application arrangement.
A data logger was connected to the measuring instruments, that

transferred the data to a computer software for monitoring and analysis.
Test details
The test cell was filled with seven layers of air-dried sandy soil, each
having a thickness of 80 mm. A wooden float was used to manually
compact each layer to a relative density Dr = 70%, which resulted in a
bulk unit weight γ = 15.37 kN/m3. The PVC-U conduit was buried at a
shallow depth z = 0.5Bc , Bc being the outer diameter of the conduit. The
use of shallow buried conduits has increased in recent times [41–43].
The conduit was placed perpendicularly to the plexiglass to allow direct
observation of the soil-conduit interaction [12]. In order to ensure a
uniform interaction, the soil around the conduit was carefully placed
and compacted. As illustrated in Fig. 4(a), the plexiglass walls of the tank
were marked to represent the thickness of each layer. After filling the
tank with a predetermined amount of sand by weight corresponding to
3
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Fig. 2. Comparison between the soil-soil and the soil-conduit interfaces.

the desired relative density (70%), it was vibrated by a poker vibrator,
and levelled and compacted by using a wooden float to align with the
wall markings. For the layers with the buried conduit, the corresponding
weight of the sand was calculated by subtracting the conduit volume.
Depending upon the location of the buried conduit, the predetermined
amount of sand was filled on both sides of the conduit, and was levelled
and compacted as uniformly as possible. The same layering technique
has also been used by other researchers to achieve a uniform soil density
in similar laboratory test cells [40,44]. The ends of the conduit were not
restrained in the axial direction to avoid potential interference from the
cell walls. Following Talesnick et al. [15], a grooved polystyrene ring
shown in Fig. 4(b) was placed on one end of the conduit to prevent the
soil from falling into the conduit. It also contributed in minimizing the
end effects as the easily malleable nature of the thin ring wall allowed
the buried conduit to deform freely under the application of surface
pressure. After filling the test cell to a height of 560 mm, a soil slope at
◦
an inclination angle of i = 35 with the horizontal was constructed. The
slope angle was kept slightly below the friction angle φ of the brickie
sand to analyse the critical scenario while ensuring slope stability. As
illustrated in Fig. 4(c), during the laboratory experiments, the conduit
was buried at a crest distance b from the edge of the soil slope. The
surface footing of width B = 80 mm was placed on the soil crest in a way
that the centre of the footing was in line with the crown of the buried
conduit. Different circumferential orientations of the conduit are given
as; crown (12:00), invert (06:00), slope side springline (03:00), levelground side springline (09:00), slope side shoulder (01:30), levelground side shoulder (10:30), slope side haunch (04:30), and levelground side haunch (07:30).
In order to investigate the effect of the crest distance b of the crown of
the buried conduit from the edge of the soil slope on stress distributions
around the conduit, the values of the crest distance were considered as
b = 0.25Bc , 0.5Bc , 1.0Bc , 1.5Bc and 2.0Bc . For better understanding, a
comparative study was also carried out for the stress distribution and the
structural response measurements, when the conduit was buried at the
◦
same depth under a horizontal ground surface (i.e. i = 0 ). To ensure an
even contact of the surface footing with the soil surface, before every
test, a vertical preload of 0.05 kN was applied using the hydraulic jack.
To maintain uniformity in the model tests, the instrument readings were
made zero. Thereafter, a static surface load was applied on the surface

footing in increments of 0.1 kN (≈ surface pressure, q = 2.8 kPa). Every
increment of the surface load was sustained till the point that the set
tlement of the footing had stabilized to below 0.03 mm/ minute. The
load was increased until the footing failed as noticed through the
movement of soil along the slope and/or some soil heave on either side
of the footing. The measured readings were then extracted from the
computer software for analysis. For each model test, the sandy soil was
removed from the tank, and then the same procedure was followed for
the refill and compaction.
Scale analysis
The scale effect of the small-scale laboratory test models has been a
major concern for many researchers as their results may not realistically
represent the in-situ stress conditions. However, laboratory model tests
are still commonly used to study various geotechnical problems like soilstructure interaction due to their convenience, simplicity, and costeffectiveness [45]. The scale effect could be considerably minimized
through appropriate analysis and design of the test cell [29]. The mea
sures taken to minimize the scale effect on the test apparatus used in this
study are detailed here.
Laboratory test cell scale effect
The limited boundary conditions of a laboratory test cell are widely
considered to contribute towards the scale effect. Azzam and Nasr [46]
suggested that the scale effect could be minimized by keeping the length
and height of the test cell to a minimum of 6 and 7 times the width of the
model footing used for load application, respectively. Similarly, ac
cording to Lal et al. [47], the dimensions of the test cell should not be
less than 5 times the width of the model footing. Since the dimensions of
the test cell (i.e. 1250 mm × 450 mm × 800 mm) fulfill the aforemen
tioned requirements, the scale effect on the performance of the test cell
can be considered to be minimal [48]. Moreover, the smooth walls of a
wide enough test cell minimize the effect of the boundary conditions and
the side frictional resistance [49]. This can also be supported by the
conclusions drawn by Chapman et al. [12] based on interface tests which
concluded that as compared to the stress measured at the centre of the
conduit, the frictional resistance caused by the glass reduced its value by
about 10 percent. Considering the fact that the instrumentation used in
4
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Fig. 3. (a) Miniature pressure cells installed at the crown, invert and springlines of the conduit; (b) Linear displacement transducers installed inside the conduit; (c)
Load application arrangement.

this study was installed at the centre of the test cell, the boundary effect
on the stress and deflection readings was significantly minimized.

Boundary effect of the small-scale model
The boundary effect of the small-scale model was also considered to
maintain the horizontal geostatic stress condition, which may be influ
enced by the deflection of the walls of the small-scale physical model
[53]. The rigidity of the cell walls was ensured by supporting the plex
iglass sheets with the structural steel members. The use of plexiglass
sheets also helped in minimizing the friction between the sandy soil and
the cell walls. Moreover, the miniature pressure cells were kept at a
distance of at least 15 times their diameter to further minimize the
boundary effect of the model on the stress measurements.
Small-scale physical modelling is commonly used for studying
various aspects of geotechnical engineering in a controlled environment.
A physical model can be enlarged to study the behavior of a large-scale
in-situ model through numerical modelling. Many researchers have

Scale influence of particle size effect (D50 /B)
The particle size effect D50 /B is considered to affect the loadsettlement behavior of the model footings [50]. Kusakabe [51] has
suggested that the particle size does not have a significant effect if D50 /B
is kept below 0.01. Whereas, Hsieh and Mao [52] suggested the limit of
0.005, below which the particle size effect could be ignored. Considering
that the value of D50 /B for the experimental setup used in this study is
0.00485, the particle size effect on the settlement of the model footing
and the resulting application of surface pressure on the buried conduit
could be considered to be minimum.
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Fig. 4. (a) Laboratory model test cell setup; (b) Grooved polystyrene ring; (c) Schematic view of the model test setup.

studied in detail the scaling laws that can be used to achieve constitutive
similitude between geotechnical models [54–57]. In the future, the
scaling laws and the results provided in the following section can be
employed for numerical model verification and subsequent analysis of
related soil-conduit interaction problems.

Settlement of the surface footing
Fig. 5(a) illustrates the variation of the settlement s of the surface
footing with the surface pressure q , for the crest distances b = 0.25Bc ,
0.5Bc , 1.0Bc , 1.5Bc and 2.0Bc . The pressure-settlement curve is also
presented for the footing resting on the horizontal ground. It is observed
that in all cases, s increases with an increase in q . It can also be noted
that for a given value of the surface pressure q , the footing settlement s is
generally higher for the lower value of the crest distance b . However, an
increase in the crest distance results in reducing the footing settlement.
In order to better explain the effect of the crest distance on the settle
ment of the surface footing, Fig. 5(b) is presented to illustrate the vari
ation of the settlement s of the surface footing with the crest distance
ratio b/Bc , for the applied pressures q = 10 kPa, 20 kPa and 35 kPa. It is
observed that at low pressures, q = 10 kPa and 20 kPa, the value of s
changes slightly between b/Bc = 0.5 − 1.0 . Thereafter, the settlement s

Results and discussion
Model tests were performed by changing the crest distance b of the
crown of the buried conduit from the edge of the soil slope. The in
struments, as mentioned earlier were used to measure the footing set
tlement, the stress distribution around the conduit, and its structural
response to the applied surface pressure. The results presented here
explain the effect of the crest distance of the conduit on these parame
ters.
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interface to indicate any soil movement that may occur due to the
applied surface pressure. The displacement of the indicative red line was
used to understand the underlying soil behavior and present the
experimental results of the shear failure mechanisms. In Fig. 6(a), it can
be noticed that at the crest distance b = 0.25Bc , the red indicative lines
located on the slope side of the footing were displaced in the downward
direction, inclining towards the slope surface. This illustrates that under
pressure application, the soil on the slope side of the footing yielded
towards the unrestrained slope, resulting in a deformed slope surface.
Whereas, the effect of the applied pressure on the level-ground side of
the footing was almost nonexistent. This asymmetrical effect of the
applied pressure indicates the formation of an extremely asymmetric
elastic wedge. The shear failure planes can be presented as spiral curves
that originate from the sides of the formed wedge and extend to the
farthest point of the deformed slope surface, resulting in a highly
asymmetric shear failure mechanism. However, Fig. 6(b) shows that an
increase in the crest distance reduced the asymmetric nature of the
failure mechanism. It can be observed that at the crest distance b =
1.5Bc , the indicative red lines on both sides of the footing were dis
placed downwards. This shows that the applied pressure affects the soil
present on both sides of the footing, resulting in a deformed slope sur
face on the slope side and a ground surface bulge on the level-ground
side of the footing. A more significant effect of the applied pressure on
the deformed slope surface indicates the formation of an asymmetric
elastic wedge. As explained above, spiral curves originating from the
sides of the formed wedge can be used to present an asymmetric shear
failure mechanism. In contrast to the aforementioned cases, Fig. 6(c)
shows almost an identical effect of the applied pressure on the soil
located on both sides of the footing for the horizontal ground (i.e. b =
∞). It can be observed that the red indicative lines located under the
footing were displaced vertically downwards, transitioning into S-sha
ped curves along its edges. This illustrates that the applied pressure
pushed the soil under the footing in a downward direction, causing an
outward movement of the soil located on both sides of the footing. As a
result, two almost identical ground surface bulges were developed on
both sides of the footing, indicating the formation of a symmetrical
elastic wedge. The spiral curves that originate from the sides of the
formed wedge and extend to the farthest point on the surface bulges can
be used to present the experimental shear failure planes.
To ascertain the observed experimental shear failure mechanisms,
the analytical results of the failure mechanisms were also calculated for
comparison. In the past, Terzaghi’s general failure mechanism, which
assumes the formation of an elastic wedge under the footing has been
utilized to represent the aspect of the footing failure in relation to the
slope stability [59]. The reducing asymmetry of the elastic wedge with a
decrease in slope angle reflects the effect of slope stability on the ge
ometry of the elastic wedge [58,60]. Khan and Shukla [61] utilized the
stress characteristics method proposed by Graham et al. [59] to
analytically illustrate the shear failure mechanisms. The dimensions of
the elastic wedge were governed by the crest distance of the footing from
the slope edge. Based on the aforementioned study, Table 2 details the
set of parameters used to define the elastic wedge MNO . The crest
distance b governs the eccentricity of the surface stress, given as the ratio
Xl /Xs ; where Xl and Xs represent the base dimension of the elastic wedge
MNO on the level-ground side and the slope side, respectively. In pre
senting the failure mechanism, an assumption of linear increase in the
eccentricity ratio of the surface stress Xl /Xs has been made. The elastic
wedge MNO makes an angle ωl with the horizontal on the level-ground
side and the angle ωs on the slope side. The logarithmic spiral surfaces
OP and OR of the radial transition zones, MOP and NOR , increase at the
rate of ril = rol eθl tanφ and ris = ros eθs tanφ , respectively. Moreover, passive
failure zones are illustrated as MPQ on the level-ground side and NRS on
the slope side. The analytical failure mechanisms and their interaction
with the buried conduit are presented in Fig. 7(a-c). A comparison be
tween experimental and analytical failure mechanisms illustrates a good

Fig. 5. Variation of the settlement of the surface footing with (a) applied sur
face pressure; (b) crest distance ratio.

remains unaffected by an increase in the crest distance ratio as it ap
proaches b/Bc = ∞ , that is the horizontal ground. However, the change
in settlement is more significant for the applied pressure q = 35 kPa,
where a noticeable decrease in the value of s is observed as b/Bc in
creases from 0.5 and approaches ∞ . This shows that the effect of the
crest distance on the footing settlement is dependant on the value of the
applied surface pressure. At lower values of the surface pressure say q <
25 kPa, the effect of crest distance on the footing settlement is small.
However, as the value of the applied surface pressure increases, the ef
fect of the crest distance on the value of the footing settlement also in
creases. Moreover, depending upon the value of applied surface
pressure, an increase in the crest distance stops to affect the settlement
of the surface footing. Beyond a certain critical crest distance, the effect
of soil slope on the footing settlement generally diminishes and becomes
equal to that of the horizontal ground. Keskin and Laman [58] made
similar observations while studying the effect of the crest distance on the
settlement of a surface footing, in absence of a buried conduit.
To investigate the effect of applied loading on the stress distribution
around the buried conduit and its structural response, model tests were
conducted to obtain the experimental shear failure mechanisms of the
surface footing. To observe the experimental failure mechanisms, each
of the top three soil layers was further divided into two sublayers, each
having a thickness of 40 mm. After each sublayer, perishable red chalk
powder was poured in a thin horizontal line along the soil-plexiglass
7

M.U.A. Khan et al.

Transportation Geotechnics 32 (2022) 100687

Fig. 6. Experimental shear failure mechanism of the surface footing located (a) at b = 0.25Bc ; (b) at b = 1.5Bc ; (c) on the horizontal ground.
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It is important to note that in Fig. 9(a and b), the vertical stress
measured on the crown σv,crown of the buried conduit is greater than the
applied surface pressure q , for all values of crest distance b and the
horizontal ground. It appears that a vast majority of the surface pressure
is taken by the crown of the conduit due to its higher stiffness and low
compressibility compared to the adjacent soil, as was suggested by
Molin [64]. Similar high values of the vertical stress on the crown of the
conduit have also been reported by Talesnick et al. [15], while investi
gating the stress distribution around an HDPE conduit buried under the
horizontal ground.

Table 2
Dimensions for the elastic wedge MNO.
Parameter
Xl /Xs (dimensionless)

b = 0.25Bc
0.09

b = 1.5Bc
0.545

1.0

ωl = φ (degrees)

36.08
3.75

21.4

36.08

rol (mm)

73.55

34.91

49.48

8.17

55.61

49.48

ωs (degrees)
ros (mm)

36.08

Horizontal ground
36.08

agreement and hence can be used to predict the resulting soil-conduit
interaction, as presented in Fig. 8(a-c). Further, the soil movement
around the buried conduit can be ascertained through the direction of
arrows obtained numerically by Khan and Shukla [62].
It needs to be mentioned here that the predicted soil-conduit in
teractions are based on the reduced soil-conduit interface strength due
to the high regularity of the brickie sand particles used in this study. The
type of sand, its physical properties, and the roughness of the conduit
material may affect the soil-conduit interaction. However, to provide the
practicing engineers with important understanding of the relevant
mechanisms, the effect of the predicted interactions on the stress dis
tribution around the conduit buried within a soil slope and its structural
response are explained comprehensively in the following sections.

Vertical stress on the invert of the conduit
Fig. 10(a) illustrates the variation of the vertical stress on the invert

σ v,invert of the conduit with the applied surface pressure q , measured at

crest distances b = 0.25Bc , 0.5Bc , 1.0Bc , 1.5Bc and 2.0Bc . The curve for
the measured stress on the invert versus the applied surface pressure is
also presented for the conduit buried under the horizontal ground. It is
observed that σv,invert increases with an increase in q for all cases. Upon
comparison with Fig. 9(a), it is also observed that only a small part of the
vertical stress measured on the crown of the conduit is transferred to its
invert. This behavior can be explained by the haunch support provided
to the conduit by the adjacent soil mass, due to which only a part of the
vertical stress on the crown of the conduit is passed down onto its invert.
A similar effect of the haunch support was also observed by Talesnick
et al. [15] while studying the stress distribution around a conduit buried
in dense sand. The same reason of reduced haunch support can also be
used to explain the high values of the stress σ v,invert , measured for the
conduit buried in close proximity to the soil slope. Fig. 8(a) shows that
for the crest distance b = 0.25Bc , the soil surrounding the slope side
haunch of the conduit yields under the application of surface pressure.
Due to the resulting lack of haunch support, a larger part of stress is
transferred from the crown of the conduit to its invert, as reported in
Fig. 10(a). Whereas, the predicted soil-conduit interaction presented in
Fig. 8(b) illustrates that an increase in the crest distance increases the
support around the slope side haunch of the conduit, causing a decrease
in the stress σv,invert for the conduit buried at b = 1.5Bc . The lowest
values of the measured stress on the invert versus the applied surface
pressure for the horizontal ground reported in Fig. 10(a) is due to the
steady and stable haunch support available on both sides of the buried
conduit, as illustrated by the predicted soil-conduit interaction in Fig. 8
(c).
Depending upon the value of surface pressure q , the crest distance
beyond which the slope does not have any effect on the stress σ v,invert may
be different. For a better understanding of this fact, Fig. 10(b) is pre
sented to illustrate the variation of the vertical stress on the invert σ v,invert
of the conduit with the crest distance ratio b/Bc for the applied pressures
q = 10 kPa, 20 kPa, and 35 kPa. It is observed that at low surface
pressure q = 10 kPa, the value of σ v,invert changes slightly between
b/Bc = 0.5 − 1.5 . Thereafter, the stress σv,invert remains unaffected by an
increase in the crest distance ratio b/Bc , as it approaches ∞ . However,
for higher values of the surface pressure, q = 20 kPa and 35 kPa, a
noticeable decrease in the value of σv,invert is observed as b/Bc increases
from 0.5 to 1.5. Further increase in b/Bc allows the surrounding soil to
provide more uniform support to the haunches of the buried conduit,
resulting in an unchanged value of σv,invert . For q = 35 kPa, when
compared with the conduit buried under the horizontal ground, the
stress σ v,invert increases by 62.2%, 26.3%, 5.2%, and 5.2% for the crest
distance ratio b/Bc = 0.5, 1.0, 1.5, and 2.0, respectively.

Vertical stress on the crown of the conduit
Fig. 9(a) illustrates the variation of the vertical stress on the crown

σ v,crown of the buried conduit with the applied surface pressure q ,

measured at crest distances b = 0.25Bc , 0.5Bc , 1.0Bc , 1.5Bc , 2.0Bc . The
curve for the measured stress on the crown versus the applied surface
pressure is also presented for the conduit buried under the horizontal
ground. It is observed that σ v,crown increases with an increase in q for all
cases. It is also noticed that for a given value of surface pressure q , the
stress σv,crown decreases with an increase in the crest distance b . This
behaviour can be explained by the occurrence of the arching phenom
enon within the soil mass. Arching occurs when the stress over a yielding
soil mass is transferred to an adjoining stationary mass, resulting in
reduced pressure on the yielding mass [7,63]. The predicted soil-conduit
interaction for the conduit buried at the crest distance b = 0.25Bc ,
presented in Fig. 8(a) shows that almost the entire soil mass surrounding
the conduit yields under the application of the surface pressure q .
Consequently, the part of the applied pressure that was supported by the
yielding soil is transferred to the adjacent conduit, resulting in higher
values of stress σ v,crown reported in Fig. 9(a). In comparison, Fig. 8(b)
illustrates that an increase in the crest distance increases the stationary
mass around the buried conduit, leading to lower values of σ v,crown for the
crest distance b = 1.5Bc . The lowest values of the measured stress on the
crown versus the applied surface pressure for the horizontal ground
reported in Fig. 9(a) indicate the presence of maximum stationary mass
around the buried conduit, as illustrated by the predicted soil-conduit
interaction in Fig. 8(c).
Depending upon the value of surface pressure, the crest distance
beyond which the slope does not have any effect on the stress σv,crown
may be different. To better explain this fact, Fig. 9(b) is presented to
show the variation of the vertical stress on the crown σv,crown of the
conduit, with the crest distance ratio b/Bc for the applied pressures q =
10 kPa, 20 kPa and 35 kPa. It is observed that at low surface pressure q =
10 kPa, σ v,crown is not affected by an increase in the value of b/Bc .
However, as explained earlier, the yielding of the soil surrounding the
conduit at a higher value of the surface pressure q increases the effect of
the crest distance on the stress σv,crown . For q = 35 kPa, the value of
σ v,crown decreases noticeably as b/Bc increases from 0.5 and approaches
∞ . When compared with the conduit buried under the horizontal
ground, the stress σv,crown increases by 83.6%, 30.1%, 13.7%, and 5.4%
for the crest distance ratio b/Bc = 0.5, 1.0, 1.5, and 2.0, respectively.

Horizontal stress on the slope side springline of the conduit
Fig. 11(a) illustrates the variation of the horizontal stress on the slope
side springline σ hs,springline of the conduit with the applied surface pressure
q , measured at the crest distances b = 0.25Bc , 0.5Bc , 1.0Bc , 1.5Bc and
9

M.U.A. Khan et al.

Transportation Geotechnics 32 (2022) 100687

Fig. 7. Analytical shear failure mechanism of the surface footing located (a) at b = 0.25Bc ; (b) at b = 1.5Bc ; (c) on the horizontal ground.

increase in q . This is due to the fact that the slope side springline of the
conduit lies within the passive failure zone, as shown in Fig. 8(a).
Therefore, under the application of surface pressure, the soil adjacent to
the slope side of the conduit is unable to provide any lateral support,
resulting in σhs,springline = 0 for all values of q . Similarly, for the crest

2.0Bc . The curve for the measured stress on the springline versus the
applied surface pressure is also presented for the conduit buried under
the horizontal ground. It is observed that under the application of sur
face pressure q , the value of stress σhs,springline is highly dependant on the
crest distance b . For b = 0.25Bc , σhs,springline does not increase with an
10
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Fig. 8. Predicted soil-conduit interaction for the conduit buried (a) at b = 0.25Bc ; (b) at b = 1.5Bc ; (c) on the horizontal ground.

failure zone. Consequently, the soil on the slope side of the conduit can
provide some lateral support at lower values of the surface pressure q .
However, the yielding of soil at higher values of the surface pressure
causes a gradual decrease in the lateral support available to the conduit,
resulting in a nonlinear curve reported in Fig. 11(a). In comparison, the
linear increase in the stress σ hs,springline with an increase in the surface

distances b = 0.5Bc and 1Bc , due to the lack of lateral support on the
slope side of the conduit, the results reported in Fig. 11(a) illustrate a
minuscule rise in the value of stress σhs,springline with an increase in the
surface pressure q . In comparison, the predicted soil-conduit interaction
presented in Fig. 8(b) shows that when buried at the crest distance b =
1.5Bc , the slope side springline of the conduit lies outside the shear
11
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Fig. 9. Variation of the vertical stress on the crown of the conduit with (a)
applied surface pressure; (b) crest distance ratio.

Fig. 10. Variation of the vertical stress on the invert of the conduit with (a)
applied surface pressure; (b) crest distance ratio.

pressure q for the horizontal ground is due to the consistent lateral
support available on both sides of the buried conduit, as illustrated by
the predicted soil-conduit interaction in Fig. 8(c).
Depending upon the value of the surface pressure, the crest distance
beyond which the slope does not have any effect on the stress σ hs,springline
may be different. To better understand the effect of the surface pressure
q , Fig. 11(b) is presented to illustrate the variation of the horizontal
stress on the slope side springline σ hs,springline of the conduit with the crest
distance ratio b/Bc for the applied pressures q = 10 kPa, 20 kPa and 35
kPa. It is observed that at low surface pressure q = 10 kPa, σhs,springline has
some increase between b/Bc = 0.5 − 1.0 . Thereafter, the change in
σ hs,springline is negligible as it approaches ∞ . However, the change in the
stress σ hs,springline is significantly more for the higher values of the surface
pressure q . For q = 35 kPa, the value of σ hs,springline increases manifolds as
b/Bc increases from 0.5 and approaches ∞ . When compared with the
conduit buried under the horizontal ground, the stress σhs,springline de
creases by 81.9%, 55.2%, 25.8%, and 6.7% for the crest distance ratio b/
Bc = 0.5, 1.0, 1.5, and 2.0, respectively.

surface pressure q , measured at the crest distances b = 0.25Bc , 0.5Bc ,
1.0Bc , 1.5Bc and 2.0Bc . The curve for the measured stress on the
springline versus the applied surface pressure is also presented for the
conduit buried under the horizontal ground. It is observed that σhl,springline
increases with an increase in q for all cases. It is also noticed that a
change in the crest distance b slightly affects the variation of stress
σ hl,springline with the surface pressure q . At higher values of the crest
distance b = 1.0Bc − 2.0Bc and the horizontal ground, there is a linear
increase in σ hl,springline with q . However, for lower values of the crest
distance, b = 0.25Bc and 0.5Bc , σhl,springline increases nonlinearly with an
increase in q . It happens because, when the surface pressure is applied
on the conduit that has no lateral support on its slope side due to the
close proximity to the slope surface, the pressure cell on the level-ground
side springline is not properly pressed against the surrounding soil. By
ignoring it as an experimental limitation and observing all the presented
curves for the values of contact stress on the level-ground side springline
of the conduit, it can be said that irrespective of the value of the surface
pressure q , the value of stress σ hl,springline does not change with an in
crease in the crest distance b . The results reported in Fig. 12(a) are also
supported by the predicted soil-conduit interactions presented in Fig. 8
(a-c), which show that for all the cases, the soil on the level-ground side
of the conduit does not yield under the application of surface pressure.
To better understand the effect of surface pressure q , Fig. 12(b) is

Horizontal stress on the level-ground side springline of the conduit
Fig. 12(a) illustrates the variation of the horizontal stress on the
level-ground side springline σ hl,springline of the conduit with the applied
12
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Fig. 11. Variation of the horizontal stress on slope side springline of the
conduit with (a) applied surface pressure; (b) crest distance ratio.

Fig. 12. Variation of the horizontal stress on level-ground side springline of the
conduit with (a) applied surface pressure; (b) crest distance ratio.

presented to illustrate the variation of the horizontal stress on the levelground side springline σ hl,springline of the conduit with the crest distance
ratio b/Bc for the applied pressures q = 10 kPa, 20 kPa, and 35 kPa. For
low pressures, q = 10 kPa and 20 kPa, the variation in the value of
σ hl,springline with an increase in b/Bc is negligible. However, for q = 35
kPa, the stress σhl,springline increases significantly as b/Bc increases from
0.5 to 1.0. This increase is due to the experimental limitation discussed
earlier. With further increase in the b/Bc , σ hl,springline does not show any
noticeable change.
Brachman et al. [29] and Talesnick et al. [15] respectively observed
that under the application of surface pressure, the strain and stress
measurements on both sides of the springline of the conduit buried
under the horizontal are approximately the same. Figs. 11(a) and 12(a)
show similar results for the conduit buried under the horizontal ground.
However, when buried near the soil slope, the stress measurements on
both sides of the springline of the conduit are not the same and are
highly dependant on the crest distance from the edge of the soil slope.

for the conduit buried under the horizontal ground. The values for δv and
δh are considered positive ‘+ve’ and negative ‘− ve’, respectively; where
‘+ve’ represents compression and ‘− ve’ represents extension. It is
observed that δv and δh increase with an increase in q . For a given value
of the surface pressure q , the maximum and minimum values of δv and
δh are observed for the crest distance b = 0.25Bc and the horizontal
ground, respectively. The higher values of both vertical and horizontal
deflections for the conduit located at the crest distance b = 0.25Bc is
because, for the same value of the surface pressure q , the vertical stress
on the crown σv,crown of conduit is higher when located near the soil
slope, as illustrated by Fig. 9(a and b). Moreover, the predicted soilconduit interaction presented in Fig. 8(a) indicates that since the
conduit lies within the passive failure zone, no lateral support is avail
able on the slope side of the conduit. The resulting unrestrained defor
mation of the conduit causes higher conduit deflections when buried at
b = 0.25Bc , as reported in Fig. 13(a). An increase in the crest distance
moves the conduit away from the failure zone, as shown in Fig. 8(b),
resulting in lower values of δv and δh . In comparison, the lowest de
flections for the conduit buried under the horizontal ground can be
explained by the maximum lateral support available on both sides of the
conduit, as illustrated by the predicted soil-conduit interaction in Fig. 8
(c).
Depending upon the value of q , the crest distance beyond which the

Structural response of the conduit
Fig. 13(a) illustrates the variation of the vertical deflection δv and the
horizontal deflection δh of the conduit with the applied surface pressure
q , measured at the crest distances b = 0.25Bc , 0.5Bc , 1.0Bc , 1.5Bc and
2.0Bc . The deflection versus the applied pressure curve is also presented
13
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(2)

(3)

(4)

(5)

Fig. 13. Variation of the vertical and horizontal deflections of the conduit with
(a) applied surface pressure; (b) crest distance ratio.

slope does not have any effect on δv and δh may be different. Fig. 13(b)
shows the variation of vertical δv and horizontal δh deflections of the
conduit with the crest distance ratio b/Bc for applied pressures q = 10
kPa, 20 kPa, and 35 kPa. It is observed that for low surface pressures, q =
10 kPa and 20 kPa, δv and δh decrease with an increase in b/Bc from 0.5
to 1.0. For any further increase in the crest distance ratio b/Bc , the
deflections δv and δh remain unchanged. Whereas, for q = 35 kPa, δv and
δh continue to decrease as b/Bc increases from 0.5 and approaches ∞ .
When compared with the conduit buried under the horizontal ground,
the vertical δv and horizontal δh deflections of the conduit increase by
145.9% and 175.7%, 78.1% and 96.4%, 51.1%, and 61.7%, and 26.9%
and 31.8% for the crest distance ratio b/Bc = 0.5, 1.0, 1.5, and 2.0,
respectively.

dependent on the distance of the buried conduit from the yielding
soil mass and the resulting soil-conduit interaction.
The arching phenomenon has a significant effect on the vertical
stress on the crown of the conduit buried within the soil slope.
Depending upon the crest distance, the buried conduit either lies
within or outside the yielding soil zone. Due to the arching effect,
the stress supported by the yielding soil is transferred to the
buried conduit, resulting in higher values of the stress at the
crown. For the crest distances considered in this study, the stress
at the crown of the conduit buried within the soil slope can be
approx. 84% higher than that of the conduit buried under the
horizontal ground.
The haunch support available to the conduit determines the
amount of stress transferred from the crown to its invert. When
located near the yielding soil mass, the soil adjacent to the slope
side of the conduit is unable to provide adequate haunch support,
resulting in higher values of stress at its invert. The stress at the
invert of the conduit buried within the soil slope can be approx.
62% higher than that of the conduit buried under the horizontal
ground.
The stress distribution on both sides of the springline of the
conduit buried within the soil slope is asymmetrical. Contrary to
the insignificant stress variation on the level-ground side
springline, the stress on the slope side springline is highly
dependant on the distance from the yielding soil mass. When the
slope side springline of the conduit lies within the yielding soil
zone, the adjacent soil is unable to provide any lateral support,
resulting in no increase in stress with the applied pressure. This
behavior is very different from the symmetrical stress distribution
for the conduit buried under the horizontal ground, where sur
rounding soil provides consistent lateral support and results in a
linear variation of the stress measured at the springline of the
conduit.
The proximity to the unrestrained and easily deformable slope
surface results in inadequate lateral support to the conduit buried
within the soil slope, causing higher deflections. For the crest
distances considered in this study, the conduit buried within the
soil slope can experience approx. 176% higher deflection than
that of the conduit buried under the horizontal ground where the
adjacent soil restrains the conduit deformations. This indicates
the importance of appropriate conduit design and installation
procedures for the conduit buried within a soil slope.

Limitations and future recommendations
The experimental results presented in this research item have been
carried out on a small-scale laboratory test cell and therefore its exact
measurements can include some scale influence. The use of miniature
pressure cells may modify the stress field, hence affecting the exact stress
measurements due to the arching phenomenon. Despite these limita
tions, this study can be used by practicing engineers to understand
relevant mechanisms and to provide guidelines for the safe installation
of the conduits buried within a sandy soil slope.
For future research, it is recommended that more burial depths could
be considered to provide a more comprehensive analysis of the stress
distribution around the conduit buried within a loaded soil slope. This
investigation may also include the effect of the relative stiffness of the
buried conduit to the surrounding soil and different slope angles on the
stress distribution around the conduit. Further, the soil-conduit inter
action predicted here can be compared with experimental results of the
soil-conduit interaction obtained through the image analysis techniques.
This study can also be further extended to conduct a comprehensive
comparative analysis of the conduit interaction with soils of varying
stress-strain responses and volumetric behaviour.
Funding
This research was funded by The Higher Education Commission

Conclusions
An experimental investigation of the stress distribution around a
conduit buried within a soil slope and its structural response to the
applied surface pressure was conducted. Based on the measured results
and the predicted soil-conduit interactions presented in the previous
section, the following general conclusions can be drawn:
(1) For a conduit buried within a soil slope, the stress distribution
and its structural response to the applied pressure are highly
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